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ABSTRACT
Results from the systematic exploration of the scope of the intramolecular [4+2]
cycloaddition of conjugated enynes revealed that the reaction is quite general. The
synthetic utility of the intramolecular enyne cycloaddition for the synthesis of substituted
polycyclic aromatic and dihydroaromatic heterocycles has been demonstrated. In the
course of our investigation, we examined a variety of features of the reaction including
substituent effects on the enyne, substituent effects on the enynophile, the effect of the
length of the connecting chain, the effect of substitution in the connecting chain, and the
use of alkenes as enynophiles in the reactions. From these studies, a number of
generalizations can be made concerning the types of substrates that participate in the
cycloaddition reaction.
The mechanism of the intramolecular [4+2] cycloaddition of conjugated enynes was also
examined. The results from mechanistic and stereochemical experiments have been
disclosed along with mechanistic implications. Our investigation of the mechanism of
the intramolecular enyne cycloaddition has provided important mechanistic information
that supports either a biradical or cyclic allene intermediate in the thermal reactions, and
either a dienyl cation, halodiene, or cyclic allene intermediate in the Lewis and protic
acid-promoted reactions. Finally, from our stereochemical studies of substrates with an
alkene as the enynophile, we have shown that the cycloaddition is concerted (or a
stepwise mechanism in which ring closure of any intermediate is extremely fast), and
proceeds with high endo selectivity.
Thesis Supervisor: Rick L. Danheiser
Title: Professor of Chemistry
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Part I
Introduction and Background:
Enyne Cycloadditions and Related Reactions
Chapter 1
Introduction
Cycloaromatization Reactions
In considering ways to design new cycloaddition processes that would be useful
for the construction of polycyclic molecules, our attention was drawn to
cycloaromatization reactions. 1 As illustrated in Scheme 1, these reactions involve the
thermal cyclization of highly unsaturated, conjugated substrates (1, 3, and 5) to form
high-energy, biradical, aromatic species (2, 4, and 6), and include the Bergman, 2 Moore,3
and neocarzinostatin 4 cyclizations, respectively. The Bergman cyclization has recently
been the subject of considerable interest due to its implication in the mechanism of action
of several families of biologically active compounds such as the calicheamicins,
esperamicins, and dynemicins. 5 Likewise, the cyclization of 5 to 6 is proposed to be
involved in the mechanism of action for the antibiotic neocarzinostatin (NCS). 6 The 1,4-
1For a recent review see: Gleiter, R.; Kratz, D. Angew. Chem. Int. Ed. Eng. 1993, 32, 842.
2 (a) Jones, R. R.; Bergman, R. G. J. Am. Chem. Soc. 1972, 94, 660. (b) Bergman, R. G. Acc. Chem. Res.
1973, 6, 25. (c) Lockhart, T. P.; Comita, P. B.; Bergman, R. G. J. Am. Chem. Soc. 1981, 103, 4082. (d)
Lockhart, T. P.; Bergman, R. G. J. Am. Chem. Soc. 1981,103,4091. (e) Bharucha, K. N.; Marsh, R. M.;
Minto, R. E.; Bergman, R. G. J. Am. Chem. Soc. 1992, 114, 3120. Masamune et al. described a similar
transformation prior to Bergman's mechanistic study, see: (f) Darby, N.; Kim, C. U.; Salatin, J. A.; Takada,
S. S.; Masamune, S. J. Chem. Soc., Chem. Commun. 1971, 1516. See also: (g) Mayer, J.; Sondheimer, F. .
Am. Chem. Soc. 1966, 88,602. (h) Pilling, G. M.; Sondheimer, F. J. Am. Chem. Soc. 1971, 93, 1970.
3 (a) Karlsson, J. O.; Nguyen, N. V.; Foland, L., D.; Moore, H. W. J. Antm. Chem. Soc. 1985, 107, 3392. (b)
Foland, L. D.; Karlsson, J. O.; Perri, S. T.; Schwabe, R.; Xu, S. L.; Patil, S.; Moore, H. W. J. Am. Chem.
Soc. 1989, 111,975.
4 (a) Myers, A. G. Tetrahedron Lett. 1987,28,4493. (b) Myers, A. G.; Proteau, P. J.; Handel, T. M. J. Am.
Chem. Soc. 1988, 110, 7212. (c) Myers, A. G.; Proteau, P. J. J. Am. Chem. Soc. 1989, 111, 1146. (d)
Myers, A. G.; Kuo, E. Y.; Finney, N. S. J. Am. Chem. Soc. 1989,111, 8057. (e) Hensens, O. D.; Goldberg,
I. H. Biochemistry 1989,28, 1019. See also: (f) Hirama, M.; Fujiwara, K.; Shigematu, K.; Fukazawa, Y. J.
Am. Chem. Soc. 1989, 111, 4120. (g) Fujiwara, K.; Kurisake, A.; Hirama, M. Tetrahedron Lett. 1990, 31,
4329. (h) Fujiwara, K.; Sakai, H.; Hirama, M. J. Org. Chem. 1991, 56, 1688. (i) Schmittel, M.;
Strittmnatter, M.; Kiau, S. Angew. Chem., Int. Ed. EngL 1996, 35, 1843.5For a review on the chemistry and biology of enediyne anticancer antibiotics, see: (a) Nicolaou, K. C.;
Dai, W.-M. Angew. Chem., Int. Ed. Engl. 1991, 30, 1387 and references cited therein. Also, see: (b)
Nicolaou, K. C.; Smith, A. L. Acc. Chem. Res. 1992, 25,497. (c) Nicolaou, K. C.; Dai, W.-M.; Tsay, S.-C.;
Estevez, V. A.; Wrasidlo, W. Science 1992, 256, 1172. (d) Doyle, T. W.; Kadow, J. F. Tetrahedron 1994,
50, 1311. (e) Nicolaou, K. C.; Smith A. L. In Modern Acetylene Chemistry Stang, P. J.; Diederich, F. Eds.;
VCH: Wienheim, 1995; pp 203-253.
6For a review on the mechanism of action of the NCS chromophore, see: (a) Goldberg, I. H. Acc. Chem.
Res. 1991, 24, 191. Also, see: (b) Myers, A. G.; Arvedson, S. P.; Lee, R. W. J. Am. Chem. Soc. 1996, 118,
4725.
biradicals, 2 and 6, produced from the cycloaromatization reactions of the enediyne
antitumor antibiotics and neocarzinostatin cleave DNA and promote cell death.
Scheme 1
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As indicated in Scheme 1, the products of the cycloaromatization reactions are
high-energy biradical intermediates. Intra- or intermolecular trapping of the biradical
species offers an expedient way to synthesize polycyclic aromatic systems. In fact,
several groups have explored the synthetic utility of these reactions in the construction of
polycyclic compounds via tandem cycloaromatization-radical cyclization sequences. 7
These cycloaromatization reactions involve interesting and novel chemistry but
probably have limited utility as general strategies for ring construction. The creation of
7For recent reviews, see: (a) Wang, K. K. Chem. Rev. 1996, 96, 207. (b) Grissom, J. W.; Gunawardena, G.
U.; Klingberg, D.; Huang, D. Tetrahedron 1996, 52, 6453. See also: (c) Andemichael, Y. W.; Gu, Y. G.;
Wang, K. K. J. Org. Chem. 1992, 57, 794. (d) Andemichael, Y. W.; Huang, Y.; Wang, K. K. J. Org.
Chem. 1993, 58, 1651. (e) Wang, K. K.; Liu, B.; Petersen, J. L. J. Am. Chem. Soc. 1996, 118, 6860. (f)
Wang, K. K.; Wang, Z.; Tarli, A.; Gannett, P. J. Am. Chem. Soc. 1996, 118, 10783. (g) Grissom, J. W.;
Calkins, T. L. Tetrahedron Lett. 1992, 33, 2315. (h) Grissom, J. W.; Calkins, T. L. J. Org. Chem. 1993, 58,
5422. (i) Grissom, J. W.; Calkins, T. L.; McMillen, H. A. J. Org. Chem. 1993, 58, 6556. (j) Grissom, J.
W.; Klingberg, D. J. Org. Chem. 1993, 58, 6559. (k) Grissom, J. W.; Calkins, T. L.; Egan, M. J. Am.
Chem. Soc. 1993, 115, 11744. (1) Grissom, J. W.; Slattery, B. J. Tetrahedron Lett. 1994, 35, 5137. (m)
Grissom, J. W.; Calkins, T. L.; Huang, D.; McMillen, H. Tetrahedron 1994, 50,4635. (n) Grissom, J. W.;
Huang, D. J. Org. Chem. 1994, 59, 5114. (o) Grissom, J. W.; Klingberg, D.; Huang, D.; Slattery, B. J. J
Org. Chem. 1997, 62, 603. (p) Magriotis, P. A.; Kim, K. D. J. Am. Chem. Soc. 1993, 115, 2972. (q) Wang,
Y.; Finn, M. G. J. Am. Chem. Soc. 1995, 117, 8045. (r) Xu, S. L.; Tiang, M.; Moore, H. W. J. Org. Chem.
1991, 56, 6104, and references cited therein.
highly substituted, aromatic products utilizing this methodology often requires the prior
synthesis of cyclization substrates of complexity comparable to that of the desired
products. Most importantly, cycloaromatization reactions are cyclization processes in
which only a single new bond is formed, and, therefore, are inferior to other ring-forming
methods that are more convergent in character.
A New Cycloaddition Strategy
The Diels-Alder reaction and other cycloadditions are characterized as extremely
convergent, regio- and stereoselective reactions.8 Their utility in organic synthesis is
proven by their widespread use in the preparation of natural products and commercially
important organic compounds. Intramolecular versions, in particular, showcase the
height of convergence and efficiency possible with cycloadditions, as several bonds and
several rings are formed in one step.
The aim of our research has been the design of new and general ring-forming
strategies that are based on highly unsaturated, conjugated molecules and which are
mechanistically related to cycloaromatizations. Specifically, we decided to explore the
development of new ring-forming strategies based on cycloadditions of highly
unsaturated, conjugated compounds. For example, as shown in Scheme 2, the [4+2]
cycloaddition of an enyne with an alkyne or alkene would provide high energy cyclic
allene (7 or 8) or biradical (7a or Sa) intermediates. These intermediates would then be
expected to isomerize to give an aromatic or dihydroaromatic product. The advantages of
this ring-forming strategy as compared to cycloaromatizations include the relative
synthetic accessibility of the reactants and the increased convergency relative to
cyclization reactions.
8For reviews of the Diels-Alder reaction, see: (a) Oppolzer, W. In Comprehensive Organic Synthesis;
Trost, B. M.; Fleming, I., Eds.; Pergamon Press: Oxford, 1991, Vol. 5, pp 315-399. (b) Roush, W. R. In
Comprehensive Organic Synthesis; Trost, B. M.; Fleming, I., Eds.; Pergamon Press: Oxford, 1991, Vol. 5,
pp 513-550. (c) Ciganek, E. In Organic Reactions; Dauben, W. G., Ed.; John Wiley & Sons: New York,
1984, Vol. 32, pp 1-374.
Scheme 2
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Comparison of the Diels-Alder reaction and the cycloaddition of a conjugated
enyne reveals several advantages to the latter process. In general, conjugated enynes are
more synthetically accessible than 1,3-dienes. The acidity of the acetylenic proton as
well as the wide range of carbon-carbon bond forming reactions based on alkynes,
including coupling reactions catalyzed by transition-metals, together offer many different
methods for constructing conjugated enynes. Although variants of the Diels-Alder
reaction exist that can be employed to produce aromatic and dihydroaromatic products,
these strategies require the use of relatively complex reactants such as ac-pyrones.
Consequently, we believed the enyne cycloaddition would complement the Diels-Alder
reaction as a useful tool in organic synthesis.
Cyclic Allenes: Background
An unusual feature of the proposed cycloaddition is the possible involvement of a
cyclic allene or "isoaromatic" intermediate, 7 or 8, in the process. These systems are
known and have been studied for many years. 9, o10 An allene consists of three carbon
9For reviews on cyclic allenes, see: (a) Johnson, R. P. Chem. Rev. 1989, 89, 1111. (b) Johnson, R. P. In
Molecular Structure and Energetics; Liebman, J. F.; Greenberg, A., Eds.; VCH: Deerfield Beach, Florida,
1986; Vol. 3, Chapter 3.
10For examples of hetero derivatives of 1,2-cyclobexadiene, see: (a) Schreck, M.; Christl, M. Angew.
Chem., Int. Ed. Engl. 1987, 26, 690. (b) Christi, M.; Braun, M. Chem. Ber. 1989, 122, 1939. (c) Jamart-
Gregoire, B.; Grand, V.; lanelli, S.; Nardelli, M.; Caubere, P. Tetrahedron Lett. 1990, 31, 7603. (d)
Ruzziconi, R.; Naruse, Y.; Schlosser, M. Tetrahedron 1991, 47, 4603. (e) Elliott, R. L.; Takle, A. K.;
Tyler, J. W.; White, J. J. Org. Chem. 1993, 58, 6954. (t) Elliott, R. L.; Nicholson, N. H.; Peaker, F. E.;
atoms bound to each other with two orthogonal double bonds and two a bonds. Ring
systems of ten carbons or more can accommodate this linear array without distortion;
however, smaller ring systems distort the allene. This distortion occurs through the
coupled motions of bending and twisting the allene bonds, motions that weaken the c
bonds. Consequently, small, cyclic allene ring systems are very reactive.
Cyclic allenes 9 are chiral, but as the size of the ring decreases, increasing ring
strain decreases the energy barrier to x-bond rotation which, in cyclic allenes, results in
the interconversion of enantiomers. Eventually, the energy required for maintaining the
two n bonds of the allene is overcome by ring strain, and a planar geometry results. This
planar achiral molecule contains an allyl system, orthogonal to an sp 2-hybrid orbital at
the central carbon of the system. The planar species has four possible electronic
configurations: a singlet and triplet diradical, 110 and 310, and two zwitterions, 11 and 12
(eq 1). Cyclic "allenes" in small ring systems (n < 2) are difficult to study and isolate due
to the high reactivity inherent in these strained molecules.
H
(1)
9 110, 310 11 12
To date, the smallest isolable, unsubstituted cyclic allene was prepared by
Blomquist in 1951: 1,2-cyclononadiene 15.11 This compound was prepared in multi-
gram quantities via ring opening of bicyclo[6.1.0]nonane 14 (eq 2).12 The allene is bent
100 from linearity and undergoes a [2+2] cycloaddition upon heating to provide dimer 16
(stereochemistry not reported).
Takle, A. K.; Tyler, J. W.; White, J. J. Org. Chem. 1994, 59, 1606. (g) Christl, M.; Braun, M.; Wolz, E.;
Wagner, W. Chem. Ber. 1994, 127, 1137.
11Blomquist, A.; Burger, R. E., Jr.; Liu, L. H.; Bobrer, J. C.; Sucsy, A. C.; Kleis, J. J. Am. Chem. Soc.
1951, 73,5510.
12(a) Skatteb6l, L. Tetrahedron Lett. 1961, 167. (b) Skatteb61, L.; Solomon, S. Org. Synth. 1969, 49, 35.
Br Br
t-BuOK -30 to -400 _C10S CHBr3  MeLi, Et2t-BuOK ..0. -30 to -40 °C ON• 1700
52-65% 81-91%
13 14 15
150 0C
Other simple cyclic allenes in small ring systems have been synthesized. For
example, 1-tert-butyl-1,2-cyclooctadiene was isolated at room temperature, purified by
preparative GLC, and characterized by IR and 13C NMR spectroscopy. 13 However, to
date, the parent 1,2-cyclooctadiene has not been isolated.
The dimer of 1,2-cycloheptadiene has been isolated, but to date the allene has not
been isolated or characterized. MNDO calculations on the cyclic allene predict it to be
bent 270 from linearity with the two hydrogens on the allene twisted out of the plane by
280 o.9a Evidence in support of a nonplanar, bent allene structure for the ground state of
1,2-cycloheptadiene was obtained through trapping experiments which provided optically
active cycloadducts. 14
Due to high ring strain, the cyclic allene 1,2-cyclohexadiene 8 has not been
isolated, but it has been examined in several ways. The synthesesl 2a,15 and subsequent
trapping of cyclic allene 8 involve methods similar to those used for the formation and
13Price, J. P.; Johnson, R. P. Tetrahedron Lett. 1986, 27, 4679.
14Balci, M.; Jones, W. M. J. Am. Chem. Soc. 1980, 102, 7607.
15(a) Wittig, G.; Fritze, P. Angew. Chem., Int. Ed. Engl. 1966, 5, 684. (b) Wittig, G.; Fritze, P. Justus
Liebigs Ann. Chem. 1968, 711, 82.
trapping of the larger cyclic allenes. As illustrated in Scheme 3, synthetic routes to cyclic
Scheme 3
17
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allene 8 include base-induced elimination of vinyl halide 17, flash vacuum pyrolysis
(FVP) of cyclopropyl ketene 1916 or bromostannylcyclopropane 20,17 treatment of
dichloride 22 with magnesium, and fluoride-induced l-elimination of allylsilane 18.18
The best route to cyclic allene 8, however, involves the ring opening of
dibromocyclopropane 21 developed by Moore and Moser. 12,19 The chemistry of allene 8
involves [2+2] cycloadditions, [4+2] cycloadditions with acyclic and cyclic dienes,
tetramer formation, and nucleophilic attack at the central carbon.19,20, 21,22,23
16Wentrup, C.; Gross, G.; Maquestiau, A.; Flanummang, R. Angew. Chem., Int. Ed Engl. 1983,27,542.
17Runge, A.; Sander, W. Tetrahedron Lett. 1986,27,5835.
18(a) Shakespeare, W. C.; Johnson, R. P. J. Am. Chem. Soc. 1990, 112, 8578. (b) Siitbeyaz, Y.; Ceylan,
M.; Secen, H. J. Chem. Research (S) 1993, 293.
t 9Moore, W. R.; Moser, W. R. J. Am. Chem. Soc. 1970, 92, 5469.
20Bottini, A. T.; Hilton, L. L.; Plott, J. Tetrahedron 1975, 31, 1997.
21(a) Christi, M.; Schreck, M. Chem. Ber. 1987, 120,915. (b) Christi, M.; Schreck, M. Angew. Chem., Int.
Ed Engl. 1987,26,449.
22Harnos, S.; Tivakornpannarai, S.; Waali, E. E. Tetrahedron 1986,27,3701.
23Moore, W. R.; Mosser, W. R. J. Org. Chem. 1970, 35, 908.
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In 1970, Moore and Moser proposed either the zwitterion 25, with a nucleophilic
central carbon atom, or the triplet diradical 324 as the ground state for 1,2-
cyclohexadiene. 19 Underwood and Dillon performed INDO calculations that supported
both of these structures as minima in the ground state. 24 Unfortunately, these
calculations were based on the assumption that the ground state was planar.
H,,,: Or H H H
23 124, 324
H H
26
In 1980, Balci and Jones performed an elegant experiment, using primary kinetic
isotope effects, which provided evidence that the ground state structure for 1,2-
cyclohexadiene is not planar (24-26) but chiral (23).14 The optically active vinyl bromide
27 was treated with potassium tert-butoxide in DMSO and the resulting product was then
trapped with 1,3-diphenylbenzo[c]furan to afford optically active products 29 and 30 (eq
3). The formation of optically active products from optically active vinyl bromide 27
requires that the intermediate be optically active; hence, these researchers propose the
intermediacy of cyclic allene 28. Further studies at 80 TC showed a loss of optical
activity in the products, indicating a fairly low barrier for racemization (interconversion)
for 28.
Ph
I=1
KOt-Bu H ..%D C hRDMSO .,,PD Ph ..-- (3)[THF
1 r C020 o A
28
( 
Ph
29 Ri= H, R2= D30 R1= D, R2= H
24Dillon, P. W.; Underwood, G. R. J. Am. Chem. Soc. 1972, 96, 779.
26
Further support for the chiral allene structure was obtained by Johnson and co-
workers through ab initio SCF, MSCSCF, and M6ller-Plesset calculations. 25 These
calculations predict the barrier for racemization, which occurs through the singlet
diradical, to be approximately 15 kcallmole. The calculations also indicate that the allene
is bent 25' from linearity and the hydrogen atoms are twisted 30.40 out of the plane.
Recently, Janoschek performed calculations using the semiempirical AM 1 method which
predicted the barrier to inversion for 1,2-cyclohexadiene to be 8.7 kcal/mole. 26
In our proposed cycloaddition of a conjugated enyne with an alkyne, an
isoaromatic species would be formed (Scheme 2). Compounds of this type have not been
isolated but have been studied, both experimentally and theoretically. In 1987, Miller
and Shi reported the generation and trapping of the isonaphthalene 32 (eq 4).27
Ph
Ph
1 Br C)1T101 Ph
/eo KOtBuMe THF, 50 OC
(4(
20%
31
Treatment of a solution of vinyl bromide 31 and 1,3-diphenylisobenzo[c]furan in THF
with potassium tert-butoxide at 50 TC gave a 3:2 mixture of cycloadducts 33 and 34 in
20% yield. Further evidence for the intermediacy of cyclic allene 32 was obtained from
25Angus, R. O., Jr.; Schmidt, M. W.; Johnson, R. P. J. Am. Chem. Soc. 1985, 107,532.26Janoschek, R. Angew. Chem., Int. Ed. Engl. 1992,31,476.
2 7Miller, B.; Shi, X. J. Am. Chem. Soc. 1987, 109, 578.
r
-00-
the reaction of vinyl bromide 31 with potassium tert-butoxide in the absence of 1,3-
diphenylisobenzo[c]furan at 50 °C which yielded an enol ether from addition of tert-
butoxide to the strained double bond of 32.
In 1992, Christl and co-workers reported the generation and trapping of two
isoaromatic compounds, isonaphthalene 36 and isobenzene 39.28 A solution of 1-bromo-
1-fluorocyclopropanes, 35 or 38, was treated with methyllithium at -25 'C to give
cycloadducts 37 and 40 in 63% and 65% yield, respectively (eq 5 and eq 6). The reaction
between the conjugated double bond of allenes 36 or 39 and styrene provided the non-
conjugated cycloadducts 37 and 40, respectively; hence, the cycloadducts are not the
thermodynamic products, indicating that the allenes reacted under kinetic control. These
allenes were also prepared via the corresponding dibromocyclopropanes; however, the
yields of the cycloadducts were lower.
MeLi
-25 oC Ph
63%
(5)
37
MeLi 1
-25 oC Ph%
65%
I
39 An
Janoschek has performed several calculations on isobenzene 39.26 For example,
the semiempirical AM1 method predicted the heat of formation of 39 to be 93.7
kcal/mole and predicted the allene to be bent almost 480 from linearity (eq 7). The
energy barrier for racemization for this molecule was found to be very low, only 2
2 8Christl, M.; Braun, M.; Miller, G. Angew. Chem., Int. Ed. Engl. 1992, 31,473.
P
kcallmole, and racemization was predicted to occur through singlet diradical 41;
therefore, the allene was predicted to be configurationally stable only at low
temperatures.
H H
132.40
H ""H H
39 41
Janoschek also performed calculations on the proposed diradical intermediate
from the reaction of styrene with isobenzene 39 in order to explain the regioselectivity of
the ring closure. The calculations predict that the pentadienyl radical 42 has maximum
spin density at the C-6 carbon, and the dihedral angles in the intermediate favor ring
closure at this position as observed experimentally. Recently, Roth, Hopf, and Horn
reported the heat of formation for diradical 41 to be 105.1 + 1.0 kcallmole. 29 This value
was determined by establishing the NO and 02 dependence on the trapping of diradical
41 generated by thermolysis of (Z)-1,3-hexadien-5-yne.
C-6
Ph
42
Feasibility of the Proposed Cycloaddition
One of our concerns was the energetic feasibility of the proposed [4+2]
cycloaddition of conjugated enynes with acetylenes to generate a 1,2,4-cyclohexatriene
intermediate (Scheme 2). Although a cycloaddition of this type might appear to be an
energetically unfavorable process, two weak acetylenic 7 bonds are being broken (ca. 51
2 9 Roth, W. R.; Hopf, H.; Horn, C. Clhem. Ber. 1994,127, 1765.
kcal/mol each), while two strong carbon-carbon a bonds are formed (ca. 84 kcal/mole
each). 3 0 This examination of the bond energies involved in the intermolecular
cycloaddition, however, does not take into account the ring strain of the cyclic allene. A
more accurate calculation was obtained utilizing the heat of formation calculated for
1,2,4-cyclohexatriene by Janoschek 26 and Benson group additivities. 3 1 Hence, we
estimate the enthalpy of reaction (AHR) for the proposed intermolecular cycloaddition to
be exothermic by -29.7 kcal/mole.
Recently, Johnson reported ab initio calculations for this cycloaddition at the
MP4SDTQ/6-31G //MP2/6-31G level and predicted AHR = -25.4 kcallmole and AGR =
-13.4 kcallmole.3 2 Johnson also performed the same calculations on the intermolecular
cycloaddition of a conjugated enyne with an alkene and found AHR = -12.7 kcal/mole and
AGR = 0.9 kcallmole. For comparison, the enthalpies of reaction for the Bergman and
Myers cyclizations are +14 kcallmole 2 and -15 kcal/mole, 4 respectively.
Another concern with regard to the feasibility of the proposed enyne
cycloaddition reaction was whether a concerted process would be possible. In the Diels-
Alder reaction, the diene components contain sp 2-hybridized carbons with 1200 bond
angles, which allow for effective overlap between the termini of the diene (in the s-cis
conformation) and the termini of the dienophile. Due to the linear nature of the acetylene
moiety of enynes, overlap with "enynophiles" in a concerted fashion would appear to be
quite difficult. However, it is the geometry of the transition state not the ground state of
the reactants that must be considered. In fact, it is known that acetylenic bonds are
readily deformed from their linear ground state geometry and often undergo pericyclic
30Mean bond energy values at 25 oC. March, J. Advanced Organic Chemistry, 3rd ed.; Wiley: New York,
1985, p 23.
31For Benson group additivity values see: (a) Benson, S. W. Thermochemical Kinetics; Wiley: New York,
1976. For a recent review on Benson additivities, see: (b) Cohen, N.; Benson, S. W. Chem. Rev. 1993, 93,
2419.
32Burrell, R. C.; Daoust, K. J.; Bradley, A. Z.; DiRico, K. J.; Johnson, R. P. J. Am. Chem. Soc. 1996, 118,
4218.
reactions with ease.33 For example, Huntsman and Wristers 34 demonstrated that diyne 43
undergoes the Cope rearrangement under similar conditions used for the rearrangement of
diene 44,35 and found the enthalpy and entropy of activation are similar for the two
processes (Scheme 4).
Scheme 4
250 oC
43
AH* = 34.4 kcal/mole
ASt = -9.4 eu
207 OC
44 AH = 33.5 kcal/mole
ASt= -13.8 eu
Summary
We were interested in developing cycloaddition reactions based on processes
mechanistically related to cycloaromatization reactions which would have wide
applications in organic synthesis. As described in this chapter, calculations on the
feasibility of the cycloaddition of a conjugated enyne with an alkyne or alkene have
predicted that the reaction should be exothermic. The next three chapters will describe
the scattered examples of enyne cycloadditions that we have located in the literature as
well as our initial progress in this field.
33For a review of acetylenes in pericyclic reactions, see: Viola, A.; Collins, J. J.; Filipp, N. Tetrahedron
1981,37,3765.
34Huntsman, W. D.; Wristers, H. J. J. Am. Chem. Soc. 1967, 89, 342.
35Doering, W. v. E.; Toscano, V. G.; Beasley, G. H. Tetrahedron 1971,27,5299.
Chapter 2
Intramolecular [4+2] Cycloaddition Reactions of Arenynes
Introduction
Several examples of the cycloaddition of conjugated enynes with alkenes and
alkynes can be found scattered throughout the literature. 36 The earliest examples of
reactions of this general type actually involve not enynes, but arenynes, in which the
double bond of the conjugated enyne system is embedded within an aromatic ring. This
chapter reviews the synthetic and mechanistic studies that have been previously reported
on the intramolecular cycloaddition of arenynes. Chapters 3 and 4 then survey previous
work on the intermolecular and intramolecular cycloaddition of conjugated enynes,
respectively.
Scope of the Arenyne Cycloaddition
In 1895, Michael and Bucher reported the synthesis of oxalacetic acid (47) from
heating acetylenedicarboxylic acid (45) at 100 "C in the presence of acetic anhydride (eq
8).3 7 Attempted extension of this process to the reaction of phenylpropiolic acid with
AC20 OAc 0 H
100 OC H20 OHHO2C- CO2 H N -" H (8)
45 46 47 0
L0
acetic anhydride did not provide the desired 03-hydroxycinnamic acid 49, but instead,
produced 1-phenyl-2,3-naphthalene dicarboxylic anhydride (50) (eq 9).38 To the best of
36Early examples are collected in: (a) Onishchenko, A. S. Diene Synthesis; Israel Program for Scientific
Translations: Jerusalem, 1964; pp 249-254, 635-637. (b) Vartanyan, S. A. Russ. Chem. Rev. 1962, 31, 529.(c) Viehe, H. G. Chemistry ofAcetylenes; Marcel Dekker: New York, 1969; pp 494-496. (d) Johnson, A.
W. The Chemistry of the Acetylenic Compounds; Edward Arnold Press: London, 1950; Vol. II, pp 76-79.37Michael, A.; Bucher, J. E. Chem. Ber. 1895, 28, 2511.38Michael, A.; Bucher, J. E. Am. Chem. J. 1898, 20, 89.
our knowledge, this reaction, henceforth referred to as the Michael-Bucher reaction, is the
first example of an arenyne reacting with an alkyne to form an aromatic product in which
two carbon-carbon bonds are formed along with an isomerization. Bucher also found that
ester and acid chloride derivatives of phenylpropiolic acid and substituted
phenylpropiolic acids participate in similar reactions.39
OH OII - I II
O2H
IAc 2O, A
then H20
48
Ph OH
49
(9)
Several decades later, in a series of papers,40 Baddar and co-workers expanded the
scope of the Michael-Bucher reaction and studied the regiochemical course of the
cycloaddition using unsymmetrical anhydrides of substituted phenylpropiolic acids. For
example, Baddar and co-workers found that heating o-methoxyphenylpropiolyl chloride
(51) with phenylpropiolic acid (48a) provided naphthalene 53a as the major product
(Scheme 5, path c).40c The regiochemical outcome of this reaction suggests that the
acetylene attached to the more electron-rich ring system functions predominantly as the
"arenynophile". However, reaction of o-methoxyphenylpropiolyl chloride (51) with p-
nitrophenylpropiolic acid (48b) gave a 1:1 mixture of naphthalenes 53b:54b in poor
yield. Baddar et al. proposed that the Michael-Bucher reaction proceeds through a
39Bucher, J. E. J. Am. Chem. Soc. 1910,32,212.
40(a) Baddar, F. G. J. Chem. Soc. 1947, 224. (b) Baddar, F. G.; EI-Assal, L. S. J. Chem. Soc. 1948, 1267.
(c) Baddar. F. G.; El-Assal, L. S. J. Chem. Soc. 1951,1844. (d) Baddar, F. G.; El-Assal, L. S.; Doss, N. A.
J. Chem. Soc. 1955, 461. (e) Baddar, F. G.; Fahim, H. A.; Galaby, M. A. J. Chem. Soc. 1955, 465. (f)
Baddar, F. G.; El-Assal, L. S.; Doss, N. A. J. Chem. Soc. 1959,1027. (g) Baddar, F. G.; Moussa, G. E. M.;
Omar, M. T. J. Chem. Soc. (C) 1968, 110.
Scheme 5
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zwitterionic species (55), shown below, and suggested that the poor selectivity observed
for the nitro-substituted anhydride (52b) can be explained "by assuming that this
cyclisation is similar to an electrophilic substitution which is known to be retarded by
electron-attracting groups".40c
T
55 1
Baddar and co-workers also examined the role of steric and electronic effects on
the regiochemical course of the reaction with m,p-disubstituted phenylpropiolic acid
anhydrides.40e,40g Unfortunately, in most cases poor regioselectivity was observed.
Although the experiments performed by Baddar and co-workers did not reveal any clear
R
H
NO2
d
trends about the regioselectivity of this cycloaddition, these studies did indicate the
generality of the Michael-Bucher reaction.41
Further studies on the dimerization of substituted phenylpropiolic acids were
conducted in the 1960's and 1970's by the groups of Stevenson 42 and Ward 43. These
researchers reported a milder procedure for effecting the transformation that expands the
general utility of the cycloaddition in organic synthesis. For example, Stevenson and co-
workers found that treating arylpropiolic acid 56 with N,N-dicyclohexylcarbodiimide
(DCC) (1.4:1 molar ratio of acid 56-DCC) in dimethoxymethane at -12 TC for 24 hours
afforded a 1:1 mixture of 57 and 58 in 40% total yield (eq 10). A mechanism accounting
for the loss of bromine in monobromonaphthalene 58 was not proposed. Subsequently,
Ward and co-workers surveyed the dimerization of several arylpropiolic acids with DCC
(2:1 molar ratio of acid-DCC) in ethyl acetate or methylene chloride and found that the
cycloadditions proceed at 0 TC or room temperature in high yield (85-95%). Noteworthy
in these studies is the fact that the Michael-Bucher reaction occurs at or below room
temperature and in the absence of acid.
CH U
. 2 DCC, DME
-12 *C, 24 h
SBr
56
+ (10)
This mild procedure for the cycloaddition of arenynes was used in the synthesis of
a variety of compounds belonging to the lignan family of natural products. 44 For
41 For an example of an application of this cycloaddition in natural product synthesis, see: Haworth, R. D.;
Kelly, W. J. Chem. Soc. 1936,745.
42(a) Brown, D.; Stevenson, R. Tetrahedron Lett. 1964, 3213. (b) Brown, D.; Stevenson, R. J. Org. Chem.
1965, 30, 1759. (c) Maclean, I.; Stevenson, R. Chem. Ind. 1965, 1379. (d) Maclean, I.; Stevenson, R. J.
Chem. Soc. (C) 1966, 1717.
43Cadby, P. A.; Heamrn, M. T. W.; Ward, A. D. Aust. J. Chem. 1973,26,557.
44For a review on the biological activities of lignans, see: MacRae, W. D.; Towers, G. H. N.
Phytochemistry 1984,23, 1207.
example, Stevenson et al. reported the total synthesis of dehydrootobain 59,42a,42b otobain
60,42c,42d and helioxanthin 6145 utilizing the DCC coupling conditions.
I- CH3
0%•" y"H
0-•o-
dehydrootobaln otobaln helloxanthin
59 60 61
Stevenson and co-workers subsequently examined other mild procedures for
effecting the dimerization of arylpropiolic acids. These researchers reported that the
combination of P4-VP, a solid-phase co-polymer of 4-vinylpyridine, and thionyl chloride
effectively converts an arylpropiolic acid to a naphthalene product in high yields.46 For
example, treatment of a solution of phenylpropiolic acid (48) in methylene chloride with
0.5 equivalent of thionyl chloride and 3.1 equivalent (based on pyridine) of P4-VP at
room temperature provided naphthalene 50 in 88% yield. Noteworthy in this study is that
the cycloaddition occurs unimpeded in the presence of excess acid scavenger, P4-VP
(vide infra).
Early studies of the arenyne cycloaddition all involved the examination of
substrates with disubstituted acetylenes. In 1963, however, Campbell and Grimmett
reported the reaction of phenylpropiolic acid with propiolic acid in acetic anhydride (first
at 70 oC, then at 100 oC) to give naphthalene 63 as the only product (no yield was
reported) (eq 11).47 These reaction conditions have also been used for the cycloadditions
45Holmes, T. L.; Stevenson, R. J. Chem. Soc. (C) 1971,2091.
4 6(a) Stevenson, R.; Weber, J. V. J. Nat. Prod. 1989, 52, 367. For the original report on making
symmetrical anhydrides from carboxylic acids using P4-VP, see: (b) Fife, W. K.; Zhang, Z. Tetrahedron
Lett. 1986,27,4937.
47Campbell, A. D.; Grimmett, M. R. Aust. J. Chem. 1963, 16,854.
of propiolic acid with a variety of substituted arylpropiolic acids. Campbell viewed these
reactions as a type of Diels-Alder cycloaddition.
C02H
Ac 20, 70 0C, 1 h
+ ____ then 100 OC, 5h
+ -- CO2 H
48
(11)
In 1966, Klemm et al. expanded the scope of the Michael-Bucher reaction to
include esters and amides. For example, heating ester 64 in acetic anhydride provided
lactone 65 as a single regioisomer in low yield (eq 12).48 Substituted phenylpropiolic
esters, however, gave mixtures of regioisomeric cycloadducts.so50a Likewise, propargyl
amides (66) afforded mixtures of regioisomeric lactams (67 and 68) when heated in acetic
anhydride (eq 13).49 To date, a systematic study on the effect of substitution in the aryl
ring of the arenyne or arenynophile on the regioselectivity of the cycloaddition has not
been carried out. Klemm et al. also suggested that these reactions were a type of
intramolecular Diels-Alder cycloaddition. These researchers utilized this methodology
for the synthesis of several lignan lactones. s50
O - , Ac2O, reflux5h b (12)Ph O39%/ (2
Ph 0
64 65
Ph Ac2O, reflux
SNH 4h72 NAc +
Ph 72%
0 Ph 0
(13)
r|n
66 67 1.3:1 68
48Klemm, L. H.; Hsu Lee, D.; Gopinath, K. W.; Klopfenstein, C. E. J. Org. Chem. 1966, 31, 2376.
49(a) Klemmn, L. H.; McGuire, T. M.; Gopinath, K. W. J. Org. Chem. 1976, 41, 2571. (b) Klemm, L. H.;
McGuire, T. M. J. Heterocycl. Chem. 1972, 9, 1215.
50(a) Klemm, L. H.; Gopinath, K. W.; Hsu Lee, D.; Kelly, F. W.; Trod, E.; McGuire, T. M. Tetrahedron
1966, 22, 1797. (b) Klemm, L. H.; Tran, V. T.; Olson, D. R. J. Heterocycl. Chem. 1976, 13, 741.
Klemm has also investigated the cycloaddition of ester substrates containing an
unsubstituted alkyne as the arenynophile. 51 For example, heating esters with an
activated, unsubstituted arenynophile (69) in acetic anhydride provided the corresponding
lactones in very poor yields (2-10%). In addition, heating esters with an electron-
deficient arenyne and an unactivated, unsubstituted arenynophile (70) in acetic anhydride
did not provide any of the cycloadduct.
069 70
More recently, Stevenson and co-workers reinvestigated the intramolecular
cycloaddition of the phenylpropiolate ester 64.46 They found that refluxing ester 64 in
xylenes for five hours provided a 1:1 mixture of lactone 65 and the regioisomeric lactone
in 96% overall yield. Noteworthy in this study is the fact that the cycloaddition of ester
64 under the acid-free conditions produced a mixture of regioisomers, whereas, the
cycloaddition in the presence of acetic anhydride furnished one regioisomer (eq 12).
Hence, the cycloaddition may be proceeding through different pathways under the
different conditions. Stevenson and co-workers utilized this improved procedure for the
synthesis of several lignan lactones.
Mechanism of the Arenyne Cycloaddition
The earliest proposal for the mechanism of the cycloaddition of arenynes was put
forth by Michael and Bucher in 1898.38 Michael and Bucher proposed two mechanisms
to account for the dimerization of phenylpropiolic acid; however, these mechanisms were
proposed before the nature of bonding was well understood. Bucher offered another
explanation for the generation of naphthalene 50.3 9 As illustrated below, Bucher reported
5 1Klemm, L. H.; Klemm, R. A.; Santhanam, P. A.; White, D. V. J. Org. Chem. 1971, 36, 2169.
that phenylpropiolic acids are characterized "as having a strong tendency to polymerize,
with the wandering of an ortho hydrogen, to phenylnaphthalene derivatives" (eq 14).
CO2H
I H cO 2H -0H/.LCOaH 2C~H2 -
- C O 2 H
Ph
71
0
so
In 1969, Whitlock and co-workers investigated the mechanism of the Michael-
Bucher reaction, 52 reporting the isolation of a mixture of naphthalene 50 and deuterium-
incorporated naphthalene 50a when phenylpropiolic acid (48) was heated in acetic
CO2H
48
Ac20, AcOD
A
Ratio of Products
50 X = H 36%/
50a X = D 64%
(15)
anhydride and deuterated acetic acid (eq 15). Based on these deuterium labelling
experiments, Whitlock proposed that phenylpropiolic anhydride 72 undergoes
simultaneous protonation and ring formation to give cyclohexadienyl cation intermediate
73 (eq 16). This intermediate then loses a proton to afford the observed naphthalene 50.
H H O
H O O )
Ph Ph
73 5o
52Whitlock, H. W.; Jr.; Wu, E.-M.; Whitlock, B. J. J. Org. Chem. 1969,34, 1857.
Upon examining Whitlock's experimental results and mechanistic proposal, some
questions arise. He proposed protonation of the alkyne at the benzylic position to
develop positive charge ox to a carbonyl group; however, this is not the
thermodynamically favored site of protonation. In addition, the deuterium labelling
experiment does not demonstrate that the reaction involves a cycloaddition promoted by
acid since deuterium would appear at the same position in the product (50a) if
protonation occurred after the cycloaddition; hence, other mechanisms may be involved.
As discussed earlier, Stevenson42 and Ward43 have both shown that arylpropiolic acids
undergo the cycloaddition below room temperature using the DCC coupling conditions;
consequently, acid does not appear to be obligatory. Stevenson also reported highly
efficient dimerizations of arylpropiolic acids at room temperature in the presence of an
acid scavenger (vide supra).46 Furthermore, Stevenson reported the cycloaddition of the
phenylpropiolate ester 64 under acid-free conditions. It must be concluded, therefore,
that the mechanism of the cycloaddition of arenynes remains unresolved.
Summary
The scope of the cycloaddition of arenynes has been extensively studied over the
past century. This reaction, first discovered by Michael and Bucher, has been expanded
to include a variety of substituted arenyne systems. The synthetic utility of the
cycloaddition of arenynes has been demonstrated in the total syntheses of several lignan
natural products. In terms of the mechanism of this transformation, the evidence
provided thus far is not conclusive.
Chapter 3
Intermolecular [4+2] Cycloadditions of Conjugated Enynes
In 1895, Michael and Bucher reported the dimerization of phenylpropiolic acids.
Soon after, several scattered examples of intermolecular cycloadditions of conjugated
enynes surfaced; however, these reports all came from studies focusing on the reactivity
and polymerization of enynes. This chapter reviews previous synthetic and mechanistic
studies on these intermolecular cycloadditions of conjugated enynes.
In 1934, Dykstra reported the results of his studies exploring the reactivity and
polymerization of vinylacetylene. 53 Dykstra found that styrene was formed in 10-15%
yield (20-50% based on recovered starting material) when vinylacetylene was heated in
the presence of catalytic amounts of various acids and carboxylic anhydrides (eq 17).
Dykstra also reported that thermolysis of vinylacetylene at 105 TC in the absence of an
acid catalyst did not furnish styrene, but instead, produced diethynylcyclobutane, and
higher polymers containing polycyclobutene-cyclobutane structures.
1-10 mol% H1
105 0C, 6 h+10-15% E c -(17)
74 75 76
H+ - HCI, RCO 2H, Ac20, etc.
Dykstra proposed the intermediacy of cyclic allene 75 resulting from a "Diels-
Alder diene reaction" to account for the formation of styrene. He commented, however,
that the proposed intermediate 75 appears to be "impossible stereochemically" and
suggested a concomitant cycloaddition and isomerization to give the product directly. To
the best of our knowledge, Dykstra is the first person to propose a cyclic allene
intermediate in an enyne cycloaddition, and the first person to connect the enyne
cycloaddition with the Diels-Alder reaction.
53Dykstra, H. B. J. Am. Chem. Soc. 1934, 56, 1625.
In 1937 and 1938, Dane and co-workers reported cycloadditions of the electron-
rich enyne 77 with several alkenes and alkynes. 54 For example, reaction of enyne 77 with
maleic anhydride at room temperature gave cycloadduct 79 in moderate yield (eq 18).
Likewise, heating enyne 77 and methyl propiolate in dioxane provided a mixture of
cycloadducts 81 (major product) and 82 in 60% overall yield (eq 19).
+ r Et2gO, rt
+ ~43-61%
MeO
0O
77 78
02L
C0 2 M. doxane
A, 8h I (19)
6 O %
77 80 81 82
Recently, Miller and Ionescu 55 reexamined the cycloaddition reaction of enyne 77
with maleic anhydride and found that the reaction does not proceed unless a sub-
stoichiometric amount of either HCl (g) or HBr (g) was added to the reaction mixture.
No yield for this reaction was reported. In contrast to the results obtained by Dane et al.,
Miller and Ionescu found that the reaction of enyne 77 with maleic anhydride in diethyl
ether did not proceed after one week at room temperature, or when heated at reflux in
diethyl ether, toluene, or benzene for several days. Due to the requirement for HX in
these reactions, Miller and Ionescu proposed a hydrogen halide-catalyzed mechanism that
involves the formation of a halodiene. As shown in Scheme 6, the electron-rich enyne 77
is first protonated to give benzylic-allenyl cation 83a/b. Cation 83b is subsequently
trapped by the halide ion to afford allenyl halide 84. Protonation at the central carbon of
allene 84 followed by elimination provides halodiene 85, which then undergoes a Diels-
5 4(a) Dane, E.; HMss, O.; Bindseil, A. W.; Schmitt, J. Ann. Chem. 1937, 523, 39. (b) Dane, E.; HWss, O.;
Schmitt, J.; SchiOn, O. Ann. Chem. 1938, 536, 183.
55 Miller, B.; Ionescu, D. Tetrahedron Lett. 1994, 35, 6615.
(18)
Alder cycloaddition to give cycloadduct 86. Elimination of HX regenerates the catalyst
and affords the observed product 79.
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Miller et al. performed experiments that they believe provide evidence for this
mechanism. For example, these researchers independently synthesized halodienes 85
(X=Cl and Br) and found that both dienes reacted with maleic anhydride to provide
product mixtures "essentially identical" with the products obtained in the hydrogen
halide-catalyzed reaction of enyne 77 with maleic anhydride, although no yields were
reported. These results suggest that the [4+2] cycloaddition of halodiene 85 (X--C1 or Br)
is facile, and that halodiene 85 may be an intermediate in the hydrogen halide-catalyzed
reaction of enyne 77 with maleic anhydride. This mechanism is discussed further in Part
II, Chapter 3.
Intermolecular cycloadditions of dienynes have been reported by Butz and co-
workers and they have proposed two stepwise mechanisms for the reactions of 1,3-
enynes, such as enyne 77, with alkenes. 56 As illustrated in Scheme 7, the first
mechanism involves nucleophilic attack by the acetylene of enyne 87 on the anhydride.
The resultant dienyl cation 88 then undergoes [1,3]-hydride migration to give dienyl
56Butz, L. W.; Gaddis, A. M.; Butz, E. W. J.; Davis, R. E. J. Org. Chem. 1940,5,379.
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cation 89, which subsequently cyclizes to produce 90. The
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involves nucleophilic attack by the alkene of the enyne on the anhydride to give
propargyl cation 91 (Scheme 8). [1,3]-Hydride migration affords dienyl cation 93, which
subsequently cyclizes to provide 90.
Scheme 8
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In 1940, Butz and co-workers reported the thermal condensation of maleic
anhydride with dienyne 94 to produce cycloadduct 95 in very low yield (eq 20).56
Further examples of this double cycloaddition reaction were reported with a variety of
(20)+ 2 equiv I 130 C, 2 h9%/o
94 78
dienynes and enynophiles, including the reactions outlined in equations 2157 and 22.58 In
all cases, however, the yields of these reactions were poor; hence, the intermolecular
cycloaddition of dienynes has limited synthetic utility.
CO2R
C0 2R 175 -C, 24 h
+ 2 equiv -
R02C
n,,. R = Me 15%
W 9 R Pt 70/.
130 oC, 4 h
+ 3 equiv ( 115-17%
0
78
(21)
(22)
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Recently, Miller and co-workers reexamined the reaction of dienyne 96 with
dimethyl fumarate (97, R=Me) at 180 TC and found that the reaction produces tetracycle
98 (no yield was reported) as a single isomer with the structure shown below.59 The
stereochemistry of tetracycle 98 was established by X-ray crystallography. Noteworthy is
the fact that the stereochemistry of alkene 97 is maintained in tetracycle 98. In addition,
57(a) Butz, L. W.; Joshel, L. M. J. Am. Chem. Soc. 1942,64, 1311. (b) Nudenberg, W.; Butz, L. W. J. Am.
Chem. Soc. 1943, 65, 2059. (c) Butz, L. W.; Gaddis, A. M.; Butz, E. W. J. J. Am. Chem. Soc. 1947, 69,
924.
58(a) Butz, L. W.; Gaddis, A. M.; Butz, E. W. J. J. Anm. Chem. Soc. 1940,62,995. (b) Butz, L. W.; Joshel,
L. M. J. Am. Chem. Soc. 1941, 63, 3344. (c) Joshel, L. M.; Butz, L. W.; Feldman, J. J. Anm. Chem. Soc.
1941, 63, 3348.
59Ionescu, D.; Silverton, J. V.; Dickinson, L. C.; Miller, B. Tetrahedron Lett. 1996, 37, 1559.
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these researchers observed no reaction between dienyne 96 and dimethyl maleate at high
temperatures and prolonged reaction times. However, reaction of dienyne 96 with
maleonitrile at 180 'C provided a single product (no yield was reported), and the
stereochemistry of this product was determined by NMR experiments. Miller and co-
workers concluded that the nitrile moieties are cis to each other, but they could not
conclusively determine whether or not the maleonitrile units are cis or trans to each other.
Hence, the reactions of dienyne 96 with dimethyl fumarate and maleonitrile proceed with
suprafacial addition of the alkene. These results provide evidence in support of a
concerted or very fast stepwise mechanism for these double cycloaddition reactions (vide
infra).
C02Me
98
Butz and co-workers proposed two possible intermediates to account for these
transformations: (1) a zwitterionic intermediate 101, and (2) a cyclic allene intermediate
102.56 A stepwise mechanism was proposed in which two molecules of maleic anhydride
react with dienyne 94 to afford zwitterionic intermediate 101, which then cyclizes to give
95. These researchers reason that the symmetry of the dienyne is important for the
simultaneous addition of two molecules of maleic anhydride. Butz et al. also proposed a
concerted pathway via the intermediacy of a cyclic allene 102 to account for the
formation of tetracycle 95 from the thermal condensation of maleic anhydride with
dienyne 94. Citing Favorskii's successful generation of 1,2-cycloheptadiene, 60 these
researchers claim that the lifetime of allene 102 may be long enough such that another
molecule of maleic anhydride may add.
6 0Favorskii, A. E. Bull Soc. Chim. 1936, 3, 1727.
Other examples of intermolecular double cycloadditions of dienynes with alkenes
have been reported. For example, Ray and co-workers reported that reaction of dienyne
96 with maleimide in refluxing xylene afforded the cycloadduct in 30% yield. 61 Less
activated alkenes such as acrolein, acrylonitrile, and crotonic acid were found to be
unreactive with the dienynes. In addition, Israelshvili and Edlitz-Pfeffermann reported
that reaction of 1,2,5,6-tetraphenylhexa-1,5-dien-3-yne with maleic anhydride at 180 'C
provided the cycloadduct in 40% yield. 62
The literature presented, thus far, has focused on the intermolecular cycloaddition
of dienynes with alkenes as enynophiles. In 1945, A. W. Johnson reported that attempted
cycloaddition of diisopropenylacetylene (94) with acetylenedicarboxylic acid at 140 TC in
a sealed tube "was unsuccessful."' 63 Johnson's report, however, does not discuss the
outcome of the reaction, or whether higher temperatures were examined; consequently, it
is unclear if the double cycloadditions are limited to alkenes as enynophiles.
Recently, Nekipelova and Fentsov reported the isolation of styrene 105, albeit in
very poor yield, from the thermolysis of enyne 103 (eq 23).64 Interestingly, the isolated
product (105) has lost a molecule of formaldehyde. The researchers propose that
fragmentation occurs from a zwitterionic intermediate like 104.
61Ray, F. E.; Sawicki, E.; Borum, O. H. J. Am. Chem. Soc. 1952, 74, 1247.
62Israelashvili, S.; Edlitz-Pfeffermann, J. J. Am. Chem. Soc. 1952, 74, 5780.63Johnson, A. W. J. Chem. Soc. 1945, 715.
64Nekipelova, T. D.; Fentsov, D. V. Bull. Acad. Sci. USSR, Div. Chem. Sci. (Engl. Transl.) 1989, 38, 1885;
Izv. Akad. Nauk SSSR, Ser. Kim. 1989, 2050.
80 °C, 6 h
< 5%
-CH20
-)Nm (23)
Summary
Overall, early studies indicate that the intermolecular cycloaddition of conjugated
enynes is low yielding and limited in scope. In many of the examples described in this
chapter the researchers were not trying to explore the synthetic utility of conjugated
enynes in organic synthesis; rather, they were investigating the reactivity and
polymerization of these systems. From these investigations, the involvement of a cyclic
allene intermediate was first proposed as well as various stepwise and concerted
mechanisms. Although intermolecular cycloadditions of conjugated enynes were
accomplished albeit in low yields, the early research in this field provided precedence for
utilizing these systems in intramolecular cycloaddition reactions.
Chapter 4
Intramolecular [4+2] Cycloadditions of Conjugated Enynes
Introduction
In general, intramolecular cycloaddition reactions possess many advantages over
their intermolecular counterparts. For example, intramolecular processes are entropically
more favorable than intermolecular processes. Intramolecular reactions can form
multiple rings in one step and, hence, are more efficient as methods for constructing
polycyclic systems. A review of the literature reveals several examples of highly
efficient intramolecular cycloadditions of conjugated enynes. This chapter reviews
previous studies on the scope and mechanism of these reactions.
Enyne Cycloaddition Studies Prior to 1990
In 1945, A. W. Johnson reported the reaction of propargylic alcohol 106 with
acetylenedicarboxylic acid to give phthalide 109 in good yield (eq 24).63 As illustrated
below, Johnson proposed that this thermal reaction proceeds via a doubly-activated
enynophile intermediate (108) resulting from condensation of propargylic alcohol 106
O2H PhH
+ I I A,2h
III 79%
OH nHO 2C -
CO2H A
(24)
L J CO2H
106 107 108 109
with acetylenedicarboxylic acid. Johnson also examined the reaction of allylic alcohol
110 (eq 25); however, all attempts to promote this reaction were unsuccessful. He
concluded that the presence of the terminal alkyne "appears to decrease the ease of
cyclisation," but he did not offer an explanation. The geometry of the alkene moiety of
allylic alcohol 110 was not disclosed; consequently, the unsuccessful cycloaddition may
simply be a matter of geometrical constraints in the ester intermediate (111).
CO2H
OH CO 2H
(25)
110 107 111 112
In 1959, Nazarov et al. reported the dimerization of various propargylic alcohols
upon heating under acidic conditions (eq 26).65 These researchers found that tertiary
(113, R=R1=Me) and secondary (113, R=Me; R1=H) propargylic alcohols provided
moderate (40-60%) and low (20-25%) yields of isocoumarans 114, respectively. No
reaction was observed for primary propargylic alcohols (113, R=R 1I=H).
R
2 equiv -
'O OH
H+
PhH, A
> ... (26)
113
H+= HCO2H, H2S04, H3P0 4, Ac20, or FeCI 3
Nazarov and co-workers proposed a mechanism for the formation of isocoumaran
119 via dienyl cation intermediate 117. As illustrated in Scheme 9, formation of
symmetrical ether 116 occurs under the acidic conditions by an SNl reaction between two
molecules of alcohol 115. Protonation of one alkyne moiety in symmetrical ether 116
Scheme 9
OH+1
OH
115
116
116
H
11T11-7
65Nazarov, I. N.; Verkholetova, G. P.; Torgov, I. V. J. Gen. Chem. USSR (EngL TransL) 1959, 29, 3277.
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then provides dienyl cation intermediate 117, which next undergoes a [4+2] cycloaddition
followed by loss of a proton to give isocoumaran 119.
To the best of our knowledge, Nazarov et al. were the first to propose a dienyl
cation intermediate in the cycloaddition of a conjugated enyne. However, protonation of
the alkyne to give dienyl cation 117 is not the thermodynamically favored protonation.
Perhaps protonation of the acetylene is reversible, and therefore, a Curtin-Hammett
situation exists in which the cycloaddition of the less thermodynamically stable dienyl
cation (117) is more facile.
In an effort to determine whether ether formation precedes ring formation,
Nazarov and co-workers attempted to isolate ether 116 under mild conditions. As
illustrated below, treatment of chloride 120 with silver carbonate at 0 TC did not provide
the symmetrical ether 116, but instead, vinylisocoumaran 119 was isolated along with
vinylacetylene 121 and propargylic alcohol 115 (eq 27). Further attempts to isolate ether
116 were unsuccessful; however, Nazarov et al. concluded that ether formation precedes
ring formation. This conclusion is supported by their unsuccessful attempts at obtaining
cyclic products from methyl and propyl ethers of alcohol 115.
2 equiv
CI
120
//0
116
(27)
+ / - / OH
ca. 15% ca. 18%
119 121 115
In a study related to the work of Nazarov et al., Hakopian and co-workers
examined the intramolecular cycloadditions of several unsaturated ethers. 66 These
66(a) Hakopian, L. A.; Gezalian, G. I.; Grigorian, S. G.; Matsoyan, S. G. Arm. Khim. Zh. 1974, 27,764. (b)
Hakopian, L. A.; Gezalian, G. I.; Matsoyan, S. G. Arm. Khim. Zh. 1974, 27, 768. (c) Hakopian, L. A.;
Gezalian, G. I.; Matsoyan, S. G. Arm. Khim. Zh. 1975, 28, 72.
researchers demonstrated that the thermal cycloaddition of a substrate (123a) containing
an electron acceptor group on the alkynyl enynophile proceeds under mild conditions and
in high yield (eq 28). In contrast, a substrate bearing an electron donor group on the
enynophile (123b) requires higher temperatures for the cycloaddition and is less efficient.
We believe these results suggest that the cycloaddition of conjugated enynes may be
LUMO-controlled with respect to the enynophile.
/ PhH, A (28)
123 X 124
X Conditions Yield
a: CO2H 80 °C, 10 h 91%
b: Me 145 °C, 30 h 19%
In summary, research carried out prior to 1990 revealed several examples of
thermal and Lewis or protic acid-promoted cycloadditions of arenynes and conjugated
enynes; however, the scope and potential utility of these reactions in organic synthesis
had not been demonstrated. In fact, most of the intramolecular examples contain oxygen
in the connecting chain, and no examples of substrates containing only carbon atoms in
the connecting chain had been reported. Several mechanisms had been proposed for
these reactions, but little experimental evidence supporting these mechanisms had been
offered. In addition, the stereochemical course of the reactions involving olefinic
enynophiles had not been fully examined.
Enyne Cycloaddition Studies After 1990
In 1994, our laboratory reported the first systematic investigation of the scope of
the intramolecular [4+2] cycloaddition of conjugated enynes as well as initial mechanistic
studies. 67  In particular, this report focused on the synthesis of aromatic and
67Danheiser, R. L.; Gould, A. E.; Fernandez de la Pradilla, R.; Helgason, A. L. J. Org. Chem. 1994, 59,
5514.
dihydroaromatic carbocycles from the cycloadditions of substrates containing only
carbon atoms in the connecting chain. 68 The specific goals of this initial work included
establishing the feasibility of the intramolecular cycloaddition of substrates containing
only carbon atoms in the tether, optimizing the conditions for the practical applications of
this methodology in synthesis, and investigating the mechanism and stereochemistry of
the reaction.
Table 1 presents the results of the study of the scope of the thermal cycloaddition
reaction. The substrates for this cycloaddition can be grouped into two categories, as
outlined below. "Type I" cycloaddition substrates are those substrates in which the
alkynyl enynophile contains an activating group (i.e., electron-withdrawing group, W)
external to the connecting chain. "Type II" cycloaddition substrates are those substrates
in which the alkynyl or alkenyl enynophile contains an activating group within the
connecting chain.
R
I
"Type I"
R
"Type II"
Un
R2
O n=1,2
The optimal conditions 68 for the thermal cycloaddition were found by examining
the cycloadditions of ketone 125 and ester 126 and involved heating a degassed 0.1-0.25
M solution of the substrate in toluene or cyclohexane in the presence of one or more
equivalents of a radical scavenger such as phenol, 2,6-di-tert-butyl-4-methylphenol
(BHT), or p-methoxyphenol (PMP). The incorporation of the phenolic additives in the
68For a detailed account of the scope and mechanistic studies of these systems, see: Gould, A. E. Ph.D.
Thesis, Massachusetts Institute of Technology, June 1996.
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Table 1. Thermal Enyne Cycloadditions
Entry Substrate Cycloadduct Conditions" Yield (%)
| 1 equiv PhOH 5
1 \ 180 C, 7h
12C 134 COMeOMe125 134 COMe
lec2
126
127
-I SIMe
128
129
6
7
8
0 132
1le81
136 SO2Ph
11eq
250
137 SIMes3
A0 2501
138
;c 3e
180
0 139
NXX 3e
18
O 140
3
0 141 CO 2Et
5s9
quiv PhOH
30 CC, 7 h
quiv BHT
0 C, 7h
uiv PMIP b
°C, 36h
uiv PMP b
-C, 24 h
quiv BHT
0"C, 16h
quiv BHT
0uC,8 h
quiv BHT
1 C, 1 h
oquiv BHT
Il°C, 1lh
- ir o o oO2Me0
133
142
a Reactions were run in toluene unless otherwise indicated. b This reaction was run in
cydclohexane. Cycloadduct obtained in 35% yield and 75% purity (1H NMR analysis).
t
reaction mixture improved the yield for the reaction of ketone 125 by about 15% (Table
1, entry 1). Other radical inhibitors that were examined, however, did not improve the
efficiency of the reaction. For example, thiophenols (e.g., 2,4,6-trimethylthiophenol)
reacted with ester 126, and dihydroaromatic inhibitors such as y-terpinene provided
cycloadduct 135 in lower yield (31%).
As illustrated in Table 1, "type I" cycloaddition substrates with a variety of
substituents on the enynophile undergo the thermal cycloaddition. Substrates bearing
electron-withdrawing groups on the alkynyl enynophile (entries 1-3) undergo the thermal
cycloaddition with the greatest facility. The cycloadditions of substrates with less
activated enynophiles require more elevated temperatures. For instance, the
trimethylsilyl-substituted enynophile substrate 128 and the unsubstituted enynophile
substrate 129 react slowly at 250 TC providing low to moderate yields of indans 137 and
138, respectively. Substrates containing a thiophenyl or methyl group on the enynophile
did not form any cycloaddition products, even at very high temperatures; the thiophenyl
substrates decomposed at 180 and 250 TC, and no reaction was observed from the
thermolysis of the methyl substrate at 180 TC.
It was also found that "type II" cycloaddition substrates undergo the thermal
cycloaddition to give good yields of aromatic products (entries 6-9). An examination of
the effect of substitution on the enynophile revealed that a second electron-withdrawing
group on the alkyne of the enynophile facilitates the reaction (entry 8). In addition,
substrates containing an electron-deficient enyne can also undergo the cycloaddition
(entry 9).
This methodology has also been applied to the synthesis of substituted
fluorenones. 69 As shown in Table 1, incorporation of an aromatic ring in the connecting
chain greatly facilitates the cycloaddition reaction (entry 9). In some cases, cycloaddition
of these substrates have been found to proceed at temperatures as low as 80 TC. This
69Helgason, A. L. Ph.D. Thesis, Massachusetts Institute of Technology, May 1994.
effect can be explained by the constraints imposed by the aromatic ring on the connecting
chain lowering the entropy of activation of the reaction.
Further studies revealed that enyne cycloadditions can be promoted and even
catalyzed by Lewis and protic acids, thus allowing the reactions to take place at lower
temperatures. It is well documented in the literature that other [4+2] cycloaddition
processes such as the Diels-Alder reaction 70 and the ene reaction can be promoted by
Lewis and protic acids; 8,7 1,72 consequently, we have investigated enyne cycloadditions
under such conditions. Table 2 presents the scope of the Lewis and protic acid-promoted
cycloaddition reactions.
A variety of Lewis and protic acids were examined for the reaction of ketone 131
in order to compare the effectiveness of the different acids in promoting the enyne
cycloaddition. 73 As illustrated in Table 2, aluminum chloride 74 proved to be the best
Lewis acid for substrate 131 (entry 4). Using 1.1 equivalents of this Lewis acid smoothly
promoted the cycloaddition at 0 TC to give tetralone 140 in 90% yield after only 30
minutes. Sub-stoichiometric amounts of AlCl 3 (0.3 equiv) can promote the
cycloaddition, although higher temperatures (25 'C) are needed and the reaction is
complicated by the formation of appreciable amounts of byproducts. The reaction also
proceeded at -78 TC when 3.0 equivalents of AIC13 were employed.
70For a general review of the acceleration of Diels-Alder reactions, see: Pindur, U.; Lutz, G.; Otto, C.
Chem. Rev. 1993, 93, 741.
71For additional reviews, see: (a) Roush, W. R. In Cycloadditions; Curran, D. P., Ed.; Jai: Greenwich, CT,
1990; Vol. 2, pp 91-146. (b) Craig, D. Chem. Soc. Rev. 1987, 16, 187.
72(a) Santelli, M.; Pons, J.-M. Lewis Acids and Selectivity in Organic Synthesis; CRC: Boca Raton, 1996;
pp 21-90, 267-328. (b) Kobayashi, S. Synlett 1994, 689.
73Fern~ndez de la Pradilla, R., Massachusetts Institute of Technology, unpublished results.
7 4For examples of intramolecular Diels-Alder reactions catalyzed by aluminum chloride, see: (a) Roush,
W. R.; Gillis, H. R. J. Org. Chem. 1980,45,4267. (b) Wenkert, E.; Naemura, K. Synth. Commun. 1973,3,
45.
2. Lewis and Protic Acid-Promoted
ntry Substrate Cycloadduct
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Cycloadditions of Enynes
Conditions' Yield (%)
10 equiv ZnBr 22 equiv BHT 55
40 -C, 72 h
2.5 equiv MsOH
rl, 15 h
10 equiv ZnBr2
2 equiv BHT 76
40 -C, 19 h
10 equiv ZnBr2b
2 equiv BHT
83 -C, 18 h
Y
0 CO2Et141
7
1.1 equiv AICI30 *C, 30 min
2 equiv Me2AICI
-78 OC-+rt, 8 h
2.5 equiv MsOH
0 °C, 30 min
10 equiv ZnBr22 equiv BHT
40 OC, 88 h
1.1 equiv AIC 3la0 C, 90 min
3 equiv AICis
rt, 90 min
1.1 equivAICl3  800 OCC,0omin
0 146 0 150
SReactions were run in dichloromethane unless otherwise indicated.
bThis reaction was run in 1,2-dichloroethane.
Other Lewis acids were also investigated. Stronger Lewis acids such as TiCl4
also promoted the reaction of enyne 131 at -78 oC, but two equivalents were required, and
the reaction was not as clean as the aluminum chloride-promoted reaction. Likewise,
Table
E I
milder Lewis acids such as Me2AlCl 75,76 promoted the cycloaddition, but the reactions
were slower. This result is significant since Me2AlCl is also a proton scavenger,
indicating that HCl is not necessary to promote the reaction.
Three zinc halide Lewis acids were also found to promote the cycloaddition: zinc
chloride, zinc bromide, and zinc iodide. 73 Optimal results were obtained for enyne 131
using 10 equivalents of zinc bromide and commercial (unpurified) chloroform. 77
Commercial chloroform contains traces of ethanol and water, and these contaminants can
react with zinc bromide to form HBr. In fact, we have found that the cycloaddition of
enyne 131 at 25 'C in the presence of two equivalents of dry zinc bromide, methylene
chloride, and two equivalents of water proceeded at a slightly faster rate (28% conversion
to tetralone 140 by 1H NMR analysis) compared to the reaction in the absence of water
(20% conversion to tetralone 140 by 1H NMR analysis). Consequently, the catalytic
species in the former system may be HBr, not zinc bromide. In addition, the
cycloaddition of enyne 131 was found to proceed much more slowly under completely
anhydrous conditions. 78 These results indicate that adventitious acid may be promoting
the reactions. Consequently, BHT was examined as an additive in the zinc bromide-
promoted reactions which, like water, can promote the formation of HBr. Enyne 131 was
found to undergo the cycloaddition in good yield using 10 equivalents of zinc bromide
and two equivalents of BHT in refluxing methylene chloride 79 (Table 2, entry 4).
75For an overview on the use of alkylaluminum halides in pericyclic reactions, see: (a) Maruoka, K.;
Yamamoto, H. Angew. Chem., Int. Ed. Engl. 1985, 24, 668. (b) Snider, B. B.; Rodini, D. J.; Karras, M.;
Kirk, T. C.; Deutsch, E. A.; Cordova, R.; Price, R. T. Tetrahedron 1981, 37, 3927.
76For the use of dimethylaluminum chloride in intramolecular Diels-Alder reactions, see: (a) Marshall, J.
A.; Audia, J. E.; Grotte, J.; Shearer, B. G. Tetrahedron, 1986, 42, 2893. (b) Marshall, J. A.; Grotte, J.;
Shearer, B. G. J. Org. Chem. 1986, 51, 1635. (c) Marshall, J. A.; Shearer, B. G.; Crooks, S. L. J. Org.
Chenm. 1987, 52, 1236. (d) Smith, D. A.; Sakan, K.; Houk, K. N. Tetrahedron Lett. 1986, 27, 4877. (e)
Sakan, K. Smith, D. A. Tetrahedron Lett. 1984, 25, 2081.
77The reaction was found to be complete after 39 h at 25 °C as determined by 1 H NMR analysis of the
crude mixture.
78Treatment of enyne 131 with 10 equiv of dry zinc bromide in chloroform (dried over sieves) provided a
14% conversion to tetralone 140 after 47 h at 25 'C as determined by 1H NMR analysis of the crude
mixture.
79Although zinc bromide is only sparingly soluble in methylene chloride and more soluble in chloroform,
we decided to employ the former solvent in the zinc bromide-promoted cycloadditions due to its decreased
toxicity and convenience.
A variety of protic acids were also examined for the enyne cycloaddition,
including trifluoroacetic, p-toluenesulfonic, methanesulfonic, camphorsulfonic, and
trifluoromethanesulfonic acids.73 Methanesulfonic and trifluoromethanesulfonic acids
proved to be the best protic acids for the cycloaddition of enyne 131. For example, the
cycloaddition of enyne 131 in the presence of 2.5 equivalents of methanesulfonic acid
proceeded smoothly at 0 TC to afford tetralone 140 in 87% yield (Table 2, entry 4);
whereas, cycloadditions of this substrate with other protic acids were slower.80
Based on these optimization studies, most cycloadditions were conducted using
methanesulfonic acid, aluminum chloride, or a combination of zinc bromide and BHT.
However, Table 2 only shows a sampling of synthetically significant results. Our studies
indicate that optimal conditions for these cycloadditions must be evaluated on a case-by-
case basis: whereas some reactions proceed most efficiently using methanesulfonic acid,
others proceed best under the influence of Lewis acids.
Although a variety of "type r' substrates were examined, only ketone derivatives
were found to benefit from Lewis or protic acid promotion. Other derivatives, including
carboxylic acid 151 and phenyl sulfone 152 either did not react or decomposed when
treated with a variety of Lewis and protic acids. Substrates containing an electron
donating group on the enynophile such as enyne 153 and phenyl sulfide 154 also
decomposed or did not react under Lewis and protic acid conditions.
C0 2H - SO2Ph - Mb - SPh
151 152 153 154
A variety of substituted "type II" cycloaddition substrates were also investigated.
In general, increasing the substitution on the enynophile of these substrates decreases the
80The cycloaddition of enyne 131 with 1 equiv of methanesulfonic acid proceeded at 25 *C in 19 h to
furnish tetralone 140 in 85% yield. With 2 equiv of trifluoroacetic and 1 equiv of p-toluenesulfonic acids,
the reactions were not complete after two days at 25 *C. No reaction was observed when enyne 131 was
treated with 2 equiv of camphorsulfonic acid at 25 *C for 26 h.
efficiency of the reaction. For example, substitution of a second electron-withdrawing
group on the alkyne of the enynophile slows the reaction; ethyl ester 132 required higher
temperatures and more aluminum chloride to undergo the cycloaddition compared to
enyne 131 (Table 2, entries 4 and 6).
The effect of the length of the connecting chain was found to be fairly similar to
the effects observed in the Lewis acid-catalyzed intramolecular Diels-Alder reaction. For
the "type I" substrates, increasing the tether length from three to four carbons slowed the
reaction dramatically (Table 2, entry 2 and 3). These results agree with the increased
entropy component required to bring the longer tether into a reactive conformation.
Unlike the "type I" substrates, the four-carbon tether "type II" substrates are the most
reactive substrates under Lewis or protic acid conditions. In agreement with reported
results for the intramolecular Diels-Alder reaction, 81 "type II" substrates with a three-
carbon tether did not react. The shorter chain length of these compounds may prevent
effective overlap between the carbonyl and alkyne of the enynophile in the transition
state.
The effect of incorporation of an aromatic ring in the connecting chain was also
investigated. The reactivity of the "type II" substrates containing an aromatic ring in the
tether under Lewis and protic acid conditions, however, were less than impressive: only
low to modest yields were obtained. In contrast, thermolysis of these substrates provided
moderate to high yields of the fluorenone products. These results may be due to the
increased sensitivity of aryl-substituted enynes to acidic reaction conditions.
"Type II" cycloaddition substrates containing an alkene as the enynophile were
investigated since the cycloaddition of these substrates would provide synthetically useful
dihydroaromatic products. The cycloadditions of these substrates were found to proceed
smoothly under Lewis and protic acid conditions (Table 2, entry 7); however, thermal
reactions of this type were oftentimes less successful. For example, cycloaddition of
81 Jung, M. E.; Halweg, K. M. Tetrahedron Lett. 1981, 22, 3929 and references cited therein.
ketone 146 in the presence of AlCl3 provided the dihydroaromatic product (150) as a
single regioisomer in good yield, whereas, thermolysis of ketone 146 gave a mixture of
regioisomeric products. The examination of the reactivity of the parent alkene
enynophile substrate laid the groundwork for studying the stereochemical aspects of the
enyne cycloadditions.
In Chapters 2-4, previous literature studies on the cycloadditions of arenynes and
enynes were presented which included several interesting mechanistic proposals to
account for these reactions. Scheme 10 illustrates those pathways our laboratory has
considered most important based on our own mechanistic work and prior literature
studies. We believe three key intermediates may be involved in these reactions: the
cyclic allene 156, the biradical 157, and the dienyl cation 158. The details of the
proposed pathways along with our mechanistic work will be discussed in Part II of this
thesis. In addition, the discussion of our stereochemical results is also postponed until
after our mechanistic work is discussed in Part II.
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During the course of our studies, several reports of enyne cycloadditions emerged
from other laboratories. In particular, Hoffmann and co-workers reported a detailed
investigation of various enyne cycloadditions of the type illustrated in eq 29,82 which are
reminiscent of the reactions studied by Nazarov et al. 65 (vide supra). Treatment of acetal
162 and enyne alcohol 163 with a Lewis acid provides acetal 164. This new acetal then
undergoes cycloaddition to give the tricyclic product 165.
0
O+
O Ph
162 0
0.1-0.2 equiv
R R2 ZnCl2i 20
z CICH2CH20, CI
X OH
X
163
Hoffmann and co-workers proposed a mechanism to account for this reaction
involving the intermediacy of a dienyl cation (167, Scheme 11), although they did not
cite the fact that Nazarov et al. had previously suggested this mechanism to account for a
closely related reaction (Scheme 9). Again, this mechanism requires that the site of
Scheme 11
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82Hoffmann, H. M. R.; Krumwiede, D.; Mucha, B.;
49,8999.
Oehlerking, H. H.; Prahst, G. W. Tetrahedron, 1993,
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protonation of the enyne provides the less thermodynamically stable dienyl cation;
Hoffmann et al. propose that the allylic oxygen atom stabilizes the dienyl cation in 167
by a "1,3-through space interaction." Cycloaddition of the dienyl cation affords allylic
cation 168, which can eliminate a proton in two ways to generate the observed products,
169 and 170.
Hoffmann et al. performed numerous experiments in an attempt to obtain
evidence for this mechanism. These researchers found that the reaction did not proceed
when the tether length was increased by one carbon atom; the acetal derived from a
homopropargylic alcohol did not react. They concluded that the increased separation
might decrease the ability of the oxygen to stabilize the dienyl cation. In addition,
Hoffmann et al. used deuterium labelling as a mechanistic probe, and found that the
cycloaddition of the deuterium labelled substrate 163 (R1=R2=Me, X=D) produced
tricyclic product 165 with no evidence for loss of deuterium or deuterium scrambling.
This experiment along with other experiments rules out protonation at the olefinic
terminus of the enyne and generation of a propargylic cation intermediate.
In a report published after our study, R. P. Johnson and co-workers have disclosed
several interesting cycloadditions conducted under vapor (flash) vacuum pyrolysis
conditions. 32 As illustrated in Scheme 12, Johnson and co-workers examined the
intramolecular cycloadditions of enynes 171 and 129, and diyne 177 utilizing flash
vacuum pyrolysis conditions, and isolated products from these reactions consistent with
the intermediacy of a cyclic allene and cyclic 1,2,3-cumulene, respectively. For example,
the ring-opened products 173, 175, and 179 can be formed via a six-electron electrocyclic
ring opening of cyclic allenes 172 and 174, or cyclic cumulene 178. Isolation of the
rearranged cycloaddition product 176 is also consistent with the intermediacy of a cyclic
allene. Johnson and co-workers proposed that the formation of this product occurs via a
Scheme 12
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1,2-hydrogen shift of cyclic allene 174 to give carbene intermediate 182 which then
undergoes a methyl or hydrogen insertion to afford aromatic products 138 and 176 (eq
30). No mechanistic evidence, however, was offered to support this proposal.
(30)
182 H 138 176
Summary
Overall, synthetic studies on the intramolecular [4+2] cycloaddition of conjugated
enynes revealed its potential utility for the synthesis of polycyclic aromatic compounds.
The first stage of our systematic investigation of the scope and mechanism of the
intramolecular enyne cycloaddition of substrates containing only carbon atoms in the
600 2
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connecting chain demonstrated the generality of this reaction for the first time. Various
mechanisms were proposed for the intramolecular enyne cycloaddition including the
intermediacy of a dienyl cation, cyclic allene, and biradical. The goal of my thesis
research has been to extend the methodology developed in our laboratory to the synthesis
of heterocycles. The results from this investigation including scope, mechanistic, and
stereochemical studies are described in Part II of this thesis.
Part II
Synthesis of Heterocyclic Compounds via
Intramolecular [4+2] Cycloadditions of Conjugated Enynes
Chapter 1
Synthesis of Enyne Cycloaddition Substrates
Introduction
Intramolecular cycloaddition reactions are an efficient and highly convergent
method for the synthesis of substituted polycyclic compounds.8 3 Our group has been
interested in developing new intramolecular cycloaddition strategies for constructing
substituted polycyclic aromatic and dihydroaromatic compounds. As discussed in Part I,
our laboratory recently reported the intramolecular cycloaddition of conjugated enynes
with acetylenes and alkenes. 67
The overall goals for the previous work in this project focused on carbocyclic
substrates and involved the examination of the scope of the intramolecular process, the
optimization of conditions for practical applications in synthesis, and the study of the
stereochemistry and mechanism of the reaction. As described in Part I, the
intramolecular enyne cycloaddition reaction has been successfully promoted under
thermal, Lewis acid, and protic acid conditions, providing aromatic and dihydroaromatic
carbocycles in good yield.
The goal of my research was to extend the cycloaddition methodology developed
in our group to the synthesis of a variety of substituted heterocycles. One reason we were
interested in exploring the reactions of substrates containing a nitrogen or oxygen atom in
the connecting chain was that, in general, these cycloaddition substrates are more
synthetically accessible than the corresponding carbon substrates and, therefore, have
advantages for studies on the mechanism and stereochemistry of the cycloaddition
reaction. In addition, nitrogen heterocycles are very prominent in natural products, and
83For a review of a number of cycloaddition strategies, see: Comprehensive Organic Synthesis; Trost, B.
M.; Fleming, I.; Paquette, L. A., Eds.; Pergamon: Oxford, 1991; Vol. 5.
the development of this methodology could find wide applications in natural product
synthesis.
Based on our studies on carbocyclic cycloaddition reactions, we envisioned
studying three general classes of reactions (Scheme 13). As a natural extension of the
previous work in our group on the intramolecular enyne cycloaddition, we were
interested in exploring the synthesis of nitrogen heterocycles via the intramolecular enyne
cycloaddition of both "type I" and "type II" substrates. The cycloadditions of "type II"
ester substrates were also examined. In addition, the application of our methodology to
the synthesis of substituted carbazoles via the intramolecular cycloaddition of ynamines
was also viewed as a worthwhile subject for investigation.
Scheme 13 /I
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The focus of this chapter is on the synthesis of a variety of heteroatom-containing
cycloaddition substrates. Results of the cycloaddition reactions of these substrates are
discussed in Chapter 2. Finally, Chapter 3 describes our mechanistic and stereochemical
studies.
Synthesis of "Type I" Substrates
The synthesis of "type I" enyne substrate 188 is shown in Scheme 14. The lithium
derivative of commercially available 2-methyl-1-buten-3-yne (183) was converted to the
known 84 propargylic alcohol 184 on treatment with paraformaldehyde. 85 Alcohol 184
was then converted to the known 86 chloride 185 by treatment with a solution of lithium
chloride and methanesulfonyl chloride in DMF at 0 'C in the presence of collidine
according to the general method of Meyers and co-workers.87 Utilizing a modification88
of Stork's method for the preparation of allylic chlorides from allylic alcohols 89 resulted
in incomplete conversion of alcohol 184 and lower yields of chloride 185.
Scheme 14
1.1 equiv collidine
n-BuULi, THF, -65 OC; 1.1 equiv UCI
1.3 equiv (H2C=O)n DMF, 0 OC, 10 min;
-65 0C to rt, 1 h; 1.1 equiv MsCIK 50-54-C, 2.5h 0 *C, 1 h; rt,20.5 h
77-82% HO 60-70% C
183 184 185
1.0 equiv n-BuULi, THF
0 OC, 15 min;
H 1.2 equiv 185, THF, 0 OC;/ 0.4 equiv Nal, rt, 23 hI
TsN ToN
I 89-95%
H
186 187
1.1 equiv n-BuULi
Et20, -70 OC, 15 min;5.1 equiv Ac20 , Et20
-70 0C, 55 min
58%
TsWN
COMe
188
84Laird, T.; Ollis, W. D.; Sutherland, I. O. J. Chem. Soc., Perkin Trans. 1980,2033.
85General procedure: Brandsma, L. Preparative Acetylenic Chemistry, 2nd ed.; Elsevier, 1988; p 81.
86Makaryan, G. M.; Sargsyan, M. S.; Badanyan, Sh. O. Arm. Khim. Zh. 1978, 31, 241.
87Collington, E. W.; Meyers, A. I. J. Org. Chem. 1971, 36, 3044.
88Methanesulfonyl chloride was used instead of p-toluenesulfonyl chloride.
89(a) Stork's procedure involves deprotonating the alcohol with MeLi in a 2:1 ether-HMPA mixture, adding
TsCl and LiCl, and stirring at 25 'C, see: Stork, G.; Grieco, P. A.; Gregson, M. Tetrahedron Lett. 1969,
1393. (b) For a detailed experimental procedure, see: Altman, L. J.; Ash, L.; Marson, S. Synthesis 1974,
129.
The known sulfonamide 186 was synthesized from propargylamine following the
method of Oppolzer and co-workers. 90 Alkylation of the propargylic sulfonamide 186
was carried out by treatment with 1.0 equiv of n-BuLi in THF at 0 'C followed by the
addition of 1.2 equiv of propargylic chloride 185 in THF in the presence of 0.4 equiv of
sodium iodide to furnish enyne 187 in excellent yield. Noteworthy in this reaction is that
deprotonation of the sulfonamide occurred selectively in the presence of the terminal
acetylene. In the absence of sodium iodide, no alkylation products were observed. In
addition, reactions conducted with 1.0-1.1 equiv of chloride 185 resulted in incomplete
conversion of sulfonamide 186 and lower yields of enyne 187. Sulfonamide 186 was also
alkylated with 185 using sodium hydride as the base in DMF at room temperature,
however, the yield of enyne 187 was lower than that obtained using the lithium
acetylide. 91 Successful alkylation was confirmed by the presence of four carbon-carbon
triple bond resonances in the 13C NMR spectrum at 87.0, 80.3, 76.4, and 73.9 ppm.
Additionally, the IR spectrum exhibited two distinct carbon-carbon triple bond stretching
bands at 2230 and 2130 cm -1.
Several methods were examined for the conversion of enyne 187 to the
corresponding methyl ketone 188. The best results were obtained by treating enyne 187
with n-BuLi in Et 20 at -70 TC and then adding the lithium acetylide to an excess of acetic
anhydride to afford methyl ketone 188 in 58% yield after purification by column
chromatography (76% yield based on recovered enyne 187).92 Slightly lower yields of
methyl ketone 188 were obtained when the reaction was carried out in THF.
Attempts at improving the efficiency of the acetylation reaction by employing
various metal acetylides and acylating agents that have been previously used for the
90Oppolzer, W.; Ruiz-Montes, J. Helv. Chim. Acta 1993, 76, 1266.
9 1For examples of alkylations of N-alkyl sulfonamides, see: (a) Lansbury, P. T.; Scharf, D. J. J. Am. Chem.
Soc. 1968, 90, 536. (b) Oppolzer, W.; Gaudin, J.-M.; Bedoya-Zurita, M.; Hueso-Rodriguez, J.; Raynham,
T. M.; Robyr, C. Tetrahedron Lett. 1988,29,4709. (c) Oppolzer, W.; Bedoya-Zurita, M.; Switzer, C. Y.
Tetrahedron Lett. 1988, 29, 6433. (d) Oppolzer, W.; Bienayme, H.; Genevois-Borella, A. J. Am. Chem.
Soc. 1991, 113, 9660. (e) Oppolzer, W.; Ruiz-Montes, J. Helv. Chim. Acta 1993, 76, 1266.92Brandsma, L. Preparative Acetylenic Chemistry, 2nd ed.; Elsevier, 1988; p 104.
synthesis of acetylenic ketones were unsuccessful. For example, reaction of the copper
acetylide derived from 187 by transmetallation of the lithium acetylide with cuprous
bromide-dimethylsulfide 93 with acetyl chloride provided methyl ketone 188 in less than
10% yield and unreacted enyne 187 in 45% yield. In addition, no reaction was observed
when the zinc acetylide of 187 was treated with acetyl chloride. 94 A variety of palladium
catalysts were also examined to help promote the acetylation of the zinc acetylide of 187,
however, none of the desired coupling product was observed; TLC analysis of the crude
reaction mixtures showed unreacted enyne 187 and byproduct formation. 95 We were
concerned that the incomplete acetylation of enyne 187 could be a result of proton
transfer from the product methyl ketone 188 to the acetylide; consequently, we examined
the acetylation reaction using a cerium acetylide since these have been shown to react
with enolizable ketones to afford alcohol products in good to excellent yields. 96 Reaction
of the cerium acetylide of 187 (prepared via transmetallation of the lithium acetylide with
cerium chloride) with acetic anhydride did not furnish methyl ketone 188, and the enyne
starting material was recovered in 59% yield. In addition, attempts at preparing methyl
ketone 188 via the reaction of the Weinreb amide CH 3C(O)N(OCH 3)CH 3 with the
lithium acetylide of 187 resulted in low yields of the desired ketone (17%; 24% based on
recovered starting material). 97  Overall, the results obtained in the acetylation
experiments of enyne 187 were found to be similar to previous results in our group on the
acetylation of "type I" cycloaddition substrates containing only carbon atoms in the
connecting chain. 98
93(a) Carini, D. Ph.D. Thesis, Massachusetts Institute of Technology, 1982. (b) Logue, M. W.; Moore, G.
L. J. Org. Chem. 1975,40, 131.
94For successful examples of the synthesis of acetylenic ketones using this procedure, see: Brandsma, L.
Preparative Acetylenic Chemistry, 2nd ed.; Elsevier, 1988; p 105-7.
95For a review on transition metal-catalyzed reactions of organozinc reagents, see: Erdik, E. Tetrahedron
1992, 48, 9577. Also, see: Negishi, E.; Bagheri, V.; Chatterjee, S.; Luo, F.-T.; Miller, J. A.; Stoll. A. T.
Tetrahedron Let.. 1983, 24, 5181.
96Imamoto, T.; Sugiura, Y.; Takiyama, N. Tetrahedron Lett. 1984, 25, 4233.
97Nahm, S.; Weinreb, S. M. Tetrahedron Lett. 1981, 22, 3815.
98Gould. A. E. Ph.D. Thesis, Massachusetts Institute of Technology, June 1996.
Marshall and co-workers have previously shown that the intramolecular Diels-
Alder reaction of conjugated aldehyde dienophiles occurs at a much faster rate in the
presence of Lewis acids than that of the corresponding conjugated esters. 99 Hence, the
next "type I" cycloaddition substrate examined (190) contained an aldehyde as the
activating group on the enynophile. The synthesis of aldehyde 190 was achieved in two
steps from enyne 187 as shown in eq 31.
1.1 equiv n-BuLl, THF
-- 70 OC, 20 min;
/TN H2CO (g), -35 OC, 20 min /T (31)TsN 48% Ts (31)
187 189 OH
1.5 equiv Dess-Martin
CH2CI2, rt, 30 min
85%
TsN - CO
190
Initial attempts at converting enyne 187 to propargyl alcohol 189 by the reaction
of the lithium acetylide with paraformaldehyde at -75 oC to room temperature resulted in
low yields (< 20%) of alcohol 189; TLC and 1H NMR analysis of the crude reaction
mixture showed the formation of substantial amounts of byproducts. This result was
surprising since alcohol 184 was prepared from enyne 183 by the same procedure in good
yield (Scheme 14). However, treatment of the lithium acetylide of enyne 187 with
gaseous formaldehyde in place of paraformaldehyde did provide alcohol 189 in 48%
yield (eq 31). 100, o101 The increase in yield can be attributed to the higher reactivity of
99(a) Marshall, J. A.; Audia, J. E.; Grote, J. J. Org. Chem. 1984, 49, 5277. (b) Marshall, J. A.; Audia, J. E.;
Grote, J. J. Org. Chem. 1986, 51, 1155. (c) Marshall, J. A.; Grote, J.; Shearer, B. G. J. Org. Chem. 1986,
51, 1633. (d) Marshall, J. A.; Audia, J. E.; Shearer, B. G. J. Org. Chem. 1986, 51, 1730. (e) Marshall, J.
A.; Audia, J. E.; Grote, J.; Shearer, B. G. Tetrahedron 1986,42, 2893. (f) Marshall, J. A.; Shearer, B. G.;
Crooks, S. L. J. Org. Chem. 1987, 52, 1236.
100For an experimental procedure for the preparation of alcohols using gaseous formaldehyde and a
detailed apparatus setup, see: Smith III, A. B.; Branca, S. J.; Guaciaro, M. A.; Wovkulich, P. M.; Korn, A.
Organic Synthesis 1990, Collected Vol. 7, 271.
101In the single trial of this procedure carried out, the reaction did not go to completion and this can be
attributed to the polymerization of formaldehyde in the tubing used to bubble the gas into the reaction
mixture which causes blockage of the tubing.
gaseous formaldehyde compared to paraformaldehyde, thus, permitting the reaction to be
conducted at lower temperature with reduced byproduct formation. Conversion of this
alcohol to aldehyde 190 was then readily achieved using the Dess-Martin reagent which
is known to give excellent results in the oxidation of propargyl alcohols (eq 31).102,103
Indeed, reaction of alcohol 189 with 1.5 equiv of the periodinane in methylene chloride
smoothly furnished the alkynal 190 in 85% yield. Aldehyde 190 exhibits a carbonyl
stretching band at 1655 cm-1 in the IR spectrum, a carbonyl resonance at 175.6 ppm in
the 13C NMR spectrum, and an aldehyde proton resonance at 9.03 ppm in the 1H NMR
spectrum.
As discussed in Part I, Chapter 4, the reaction of cycloaddition substrate 129, in
which the enynophile is a terminal acetylene lacking an "activating group," proceeded
sluggishly and in low yield (Table 1). We were interested in examining the cycloaddition
of a related substrate incorporating an electron-withdrawing nitrogen atom in the tether
connecting enyne to enynophile. The tertiary amine 196 was selected as the target
substrate and synthesized as outlined in Scheme 15.
Our approach for the synthesis of enyne 196 involved the formation of diyne 194,
in which one alkyne is protected with a trimethylsilyl group (Scheme 15). An advantage
of this approach over that described above for the preparation of 188 is that diyne 194 can
serve as a common intermediate for the synthesis of a series of enynes with different
substitution on the double bond. Treatment of propargyl chloride with 4.0 equiv of
benzylamine in DMF at room temperature provided the commercially available
secondary amine 192 in good yield after purification by column chromatography.
Selective silylation of the acetylene moiety of this propargyl amine was achieved by
treating it with n-BuLi in THF at -70 *C, adding trimethylsilyl chloride (TMSC1), and
then warming the reaction mixture to room temperature to afford the silylacetylene 193 in
102(a) Dess, D. B.; Martin, J. C. J. Org. Chem. 1983, 48,4156. (b) Dess, D. B.; Martin, J. C. J. Am. Chem.
Soc. 1991, 113, 7277. For a report of an improved procedure for the preparation of this reagent, see: (c)
Ireland, R. E.; Liu, L. J. Org. Chem. 1993, 58, 2899.
103The author wishes to thank Alexandra E. Gould for the preparation of this reagent.
excellent yield after purification by column chromatography. Selective silylation of the
alkyne was confirmed by the presence of the amine proton at 1.48 ppm in the 1H NMR
spectrum and the presence of the amine N-H stretching band at 3310 cm- 1 in the IR
spectrum. Amine 193 (2.0 equiv) was then alkylated again with propargyl chloride to
provide diyne 194 in good yield after purification by column chromatography.
Scheme 15
1 equiv n-BuLi, THF
-70 oC, 8 min
DMF, rt then 1.1 equiv TMSCI
23-49 h -65 'C - rt, 2.5hPh NH 2 + 96%
CIPh 75-86% BnN 96%CI 191 H 192
191 H 192
- CH 2CI
DMF, 40 oC
47 h _
/ ýSi-Me 4 - BnN
BnN 81-91% SiMe 3H 193 194
BnN /
H 193
1.5 equivty
3 mol% Pd(PPh 3)43 mol% Cul
Et2NH, rt, 23 h /
86 BnN86% \- SiMe 3195
11 mol% K2 C03 900/MeOH, rt, 3 h
BnN,__
196
The enyne moiety of enyne 195 was then constructed by a palladium-catalyzed
Castro-Stephens coupling 104 between diyne 194 and 2-bromopropene which provided the
desired enyne in 86% yield after purification by column chromatography. Enyne 195
exhibits two vinyl protons in the 1H NMR spectrum at 5.30 and 5.22 ppm, and four
carbon-carbon triple bond resonances in the 13C NMR spectrum at 101.2, 90.0, 86.5, and
83.7 ppm, indicating that the alkene had indeed coupled to diyne 194. Desilylation of the
acetylene was accomplished by treatment with a catalytic amount of potassium carbonate
in methanol to furnish the cycloaddition substrate enyne 196 in excellent yield.
104(a) Sonogashira, K.; Tohda, Y.; Hagihara, N. Tetrahedron Lett. 1975, 4467. (b) Takahashi, S.;
Kuroyama, Y.; Sonogashira, K.; Hagihara, N. Synthesis 1980, 627. (c) Alami, M.; Ferri, F.; Linstrumelle,
G. Tetrahedron Lett. 1993, 34, 6403. (d) Chemin, D.; Linstrumelle, G. Tetrahedron 1994, 50, 5335.
Synthesis of "Type II" Cycloaddition Substrates
(1) Substrates Containing Three-Atoms in the Connecting Chain
Another area of interest in our investigation involved the cycloaddition of "type
II" substrates containing both a heteroatom and an activating group in the connecting
chain linking enyne and enynophile. One such substrate is enyne 197. Retrosynthetic
analysis of 197 revealed two reasonable disconnections, a and b (Scheme 16). Since
over-alkylation of primary amines is often a significant problem, the synthesis of enyne
197 was first investigated via disconnection b.
Scheme 16
BnN 198 C 185
+ +
H BnNH2
0 199 OMe
BnN .- b
a ' BnNM=C=-o
0 OMe CI 185 201
197
H + +BnN
0 200 OMe 202 OMe
The lithium derivative of commercially available methyl propargyl ether (202)
was treated with commercially available benzyl isocyanate (201) in THF to give amide
200 in 92% yield after purification by column chromatography. 10 5 Alkylations of amide
200 with propargylic chloride 185 under phase transfer conditions 16 resulted in a
complex mixture of products as determined by TLC and I H NMR analysis of the crude
mixture. The sodium salt derived from 200 via treatment with sodium hydride in DMF at
room temperature gave similar results. However, the lithium derivative 203, prepared by
the reaction of the lithium acetylide derived from 202 with isocyanate 201, provided
105 For an experimental procedure for the addition of a lithium acetylide to an isocyanate, see: Brandsma,
L. Preparative Acetylenic Chemistry, 2nd ed.; Elsevier, 1988; p 108.
106Koziara, A.; Zawadzdki, S.; Zwierzak, A. Synthesis 1979, 527.
enyne 197 albeit in poor yield (< 10%) upon reaction with chloride 185 and 0.4 equiv of
sodium iodide in THF at 0 'C (eq 32). The low yield observed in this reaction may be
due to the instability of lithium derivative 203; however, 203 was found to be stable at 8-
14 'C for 2.5 h by TLC analysis.
1.3 equiv
1. 1.0 equiv n-BuU Cl
THF,-75 °C, 10 min
2. PhCH 21WC=0 [ 1 THF, 0 'C;
-75 to 0 *C, 10 min; Bn then, 0.4 equiv Nal
7-9 OC, 10 min 0-4 *C, 30 h
R 1 • - Bn (32)
OMe OO Me
U O OMe
202 203 197
Because of the problems encountered in the synthesis of enyne 197 via
disconnection b, routes to 197 via disconnection a (Scheme 16) were next investigated.
Although the reaction of amines with alkyl halides, tosylates, and mesylates has been
known to afford over-alkylated products, 10 7,o108 employing excess amine has been shown
to often suppress over-alkylation. 109 Indeed, treatment of 3.0 equiv of N-benzylamine
with propargylic chloride 185 in DMF at room temperature provided the secondary amine
198 in good yield after purification by column chromatography (eq 33). Amine 198
displays carbon-carbon triple bond resonances in the 13C NMR spectrum at 86.5 and 84.9
ppm, and an amine N-H stretching band in the IR spectrum at 3322 cm-1.
DMF, rt
-- 16-40 h -- (3
3.0 equiv Ph NH2 + 1674-8240 N/  - (33)2 j 74-82% Ph N
185 H 198
The other key intermediate for the synthesis of amide 197 is the carboxylic acid
199. This acid was readily prepared by deprotonation of methyl propargyl ether with 1.0
107For a review on the preparation and properties of amines, see: Malpass, J. R. In Comprehensive
Organic Chemistry; Barton, D.; Ollis, W. D.; Sutherland, I. O., Eds.; Pergamon: New York, 1979; Vol. 2,
Chapter 6.1.
108For the direct conversion of alcohols to a secondary amines via N-substituted sulfonamides, see: (a)
Henry, J. R.; Marcin, L. R.; McIntosh, M. C.; Scola, P. M.; Harris Jr., G. D.; Weinreb, S. M. Tetrahedron
Lett. 1989, 30, 5709. (b) Tsunoda, T.; Otsuka, J.; Yamamiya, Y.; Ito, S. Chem. Lett. 1994, 539. (c)
Comins, D. L.; Hong, H.; Jianhua, G. Tetrahedron Lett. 1994, 35, 5331. (d) Fukuyama, T.; Jow, C.-K.;
Cheung, M. Tetrahedron Lett. 1995, 36, 6373.
109(a) Arnold, H.; Overman, L. E.; Sharp, M. J.; Witschel, M. C. Org. Synth. 1991, 70, 111. (b) MaGee, D.
I.; Ramaseshan, M. Synlett 1994, 743. (c) Keck, G. E.; Boden, E.; Sonnewald, U. Tetrahedron Lett. 1981,
28, 2615. (d) Hennion, G. F.; Hanzel, R. S. J. Am. Chem. Soc. 1960, 82, 4908.
equiv of n-butyllithium in THF at -65 TC followed by bubbling CO2 gas into the solution
for 5 min (eq 34). After acidic workup, 199 was isolated in 86-91% yield without
purification. A slight excess of alkyne 202 relative to n-butyllithium was used to prevent
formation of pentanoic acid.
1.0 equiv n-BuLi, THF
-65 0C, 10 min; then,
1.2 equiv CO2 (g), -65 0C, 5 min (34)
OMe 86-91% HO OMe
202 199
The final step in the synthesis of amide 197 involved the coupling of acid 199
with amine 198. A review of the literature on methods for coupling acids with amines or
alcohols revealed that most of the strategies involve activation of the carboxyl group of
the acid.110o Carbodiimides, such as 1,3-dicyclohexylcarbodiimide (DCC), are one of the
most popular classes of coupling reagents used in solution and solid phase peptide
synthesis.111 One of the major drawbacks of the DCC coupling reaction is the difficulty
in removing the urea byproduct. This problem can be circumvented by the use of
diisopropylcarbodiimide since the corresponding urea byproduct is soluble in a variety of
solvents and can be readily removed by filtration. 112 Another common reagent that has
been used in peptide synthesis to prevent racemization of the peptide is the BOP reagent
(benzotriazol-1-yloxy-tris(dimethylamino)phosphonium hexafluorophosphate) in
diisopropylamine.
110(a) For a review on the synthesis of amides, see: Benz, G. In Comprehensive Organic Synthesis; Trost,
B. M.; Fleming, I., Eds.; Pergamon: Oxford, 1991; Vol. 2, p. 381. (b) For a review of couplings in peptide
synthesis, see: Bodanszky, M. Principles of Peptide Synthesis; Springer-Verlag: New York, 1984; Chapter
2. (c) For a review on using diethyl azodicarboxylate and triphenylphosphine for synthesizing esters, see:
Mitsunobu, O. Synthesis 1981, 1. Also, see: (d) Grieco, P. A.; Clark, D. S.; Withers, G. P. J. Org. Chem.
1979, 44, 2945. (e) Boden, E. P.; Keck, G. E. J. Org. Chem. 1985, 50, 2394. (f) Gais, H.-J.; Hafner, K.;
Neuenschwander, M. Helv. Chim. Acta 1969, 52,2641. (g) Neuenschwander, M.; Lienhard, U.; Fahmrni, H.-
P.; Hurni, B. Hely. Chim. Acta 1978, 61, 2438. (h) Neuenschwander, M.; Fahrni, H.-P.; Lienhard, U. Helv.
Chim. Acta 1978,61, 2437. (i) Gais, H.-J. Angew. Chem., Int. Ed. Engl., 1978,17, 507. (j) Bernasconi, S.;
Comini, A.; Corbella, A.; Gariboldi, P.; Sisti, M. Synthesis 1980,385.
1 11Additives have also been used in combination with the DCC coupling reactions to suppress
racemization, see: (a) Konig, W.; Geiger, R. Chem. Ber. 1970, 103, 788. (b) Konig, W.; Geiger, R. Chem.
Ber. 1970, 103, 2024. (c) Kemp, D. S.; Trangle, M.; Trangle, K. Tetrahedron Lett. 1974, 2695. (d)
Miyazawa, T.; Otomatsu, T.; Yamada, T.; Kuwata, S. Tetrahedron Lett. 1984, 25, 771.
112 Tartar, A.; Gesquiere, J. C. J. Org. Chem. 1979,44,5000.
We initially investigated DCC as the coupling reagent for the synthesis of amide
197. Reaction of amine 198 with acid 199, 0.2 equiv 4-dimethylaminopyridine (DMAP),
and 1.1 equiv of DCC in methylene chloride at 0 'C for 4-8.5 h provided amide 197 in
50-58% yield after purification by column chromatography (eq 35).113 Using these
conditions, however, the reaction did not go to complete conversion as determined by
TLC analysis of the crude reaction mixture. The IR spectrum of enyne 197 exhibits
carbon-carbon triple bond and carbonyl stretching bands at 2240 and 1627 cm- 1,
respectively.
0.2 equiv DMAP
Ph N CH2CI 2, 0 C;
H 198 then, 1.1 equiv DCC
0 0C, 4-8.5 h Ph / (35)
50-58%H02C \
199 OMe 0 197 OMe
Amides have partial double bond character in the C(O)-N bond due to
delocalization of the nitrogen lone-pair electrons into the nt-system of the carbonyl
bond. 114 The rotational energy barrier for amides has been calculated to be about 18-20
kcal/mol, and, therefore, rapid interconversion of isomers takes place at or above ambient
temperatures. NMR spectroscopy is known to be a practical tool to determine
conformational equilibria, and can be used to measure the ratio of amide rotamers. The
time scale for 1H NMR is relatively short; consequently, the 1H NMR spectrum of
amides shows resonances for both rotational isomers. 115 Indeed, the 1H NMR spectrum
of amide 197 shows both rotational isomers in a ratio of ca. 44:56.
A common side reaction in the DCC coupling of amines and acids is the
intramolecular rearrangement of the O-acyl isourea intermediate (eq 36). 110b Attack on
the activated carbonyl by the indicated nitrogen atom in the O-acyl isourea intermediate
113 The procedure followed the experimental conditions for making esters from acids and alcohols using
DCC, see: Neises, B.; Steglich, W. Organic Synthesis 1990, Coll Vol 7, 93.
114 Challis, B. C.; Challis, J. A. In Comprehesive Organic Chemistry; Barton, D.; Ollis, W. D.; Sutherland,
I. O., Eds.; Pergamon: New York, 1979; Vol. 2. Chapter 9.9.
115 (a) Stewart, W. E.; Siddall III, T. H. Chem. Rev. 1970, 70, 517. (b) Yoder, C. H.; Sandberg, J. A.;
Moore, W. S. J. Am. Chem. Soc. 1974,96, 2260.
results in an O-> N shift yielding an N-acylurea which is not a very reactive acyl transfer
agent; this results in a loss of the carboxyl-component and incomplete coupling. The
0
NcON (36)OR
O-4N rearrangement is competitive with the intermolecular reaction of the amine
coupling partner with the O-acyl isourea intermediate. However, when two equivalents
of acid relative to DCC are used, a facile reaction occurs involving acylation of the
second (unreacted) equivalent of acid by the O-acyl isourea intermediate (eq 37). This
forms a symmetrical anhydride which then acylates the amine in the normal fashion. The
only drawback in utilizing the anhydride procedure for making amides is that an
equivalent of acid is wasted, but this is not a problem if the amine is the more precious
component.
o
R)ýO ~0 0K. R
R-),0 , 1R)ý0)R + O ,NHI(37)
O NHR 1  0 NHR
The coupling reaction of amine 198 with acid 199 did not go to completion under
the standard DCC coupling procedure (eq 35), suggesting that in this case the O--N
rearrangement may indeed be competitive with the reaction of the amine with the O-acyl
isourea intermediate (eq 36). Consequently, we reexamined this coupling reaction
utilizing excess carboxylic acid. Reaction of amine 198 with 2.1-2.6 equiv of acid 199,
0.2 equiv of DMAP, and 1.0 equiv of DCC in methylene chloride at 0 'C for 2-3 h
furnished amide 197 in 83-87% yield (based on 198) after purification by column
chromatography.
With an efficient method for preparing the amide cycloaddition substrates in
hand, the synthesis of a variety of "type II" cycloaddition substrates was undertaken. As
discussed previously, one of our primary goals was to extend the intramolecular enyne
cycloaddition methodology to the synthesis of nitrogen heterocycles. Consequently, the
synthesis of a variety of "type II" amide substrates with various substitution patterns was
undertaken.
One area of interest was to investigate the effect of changing the substitution on
the nitrogen atom of the amide on the cycloaddition reaction. It has been shown that the
rates of intramolecular Diels-Alder reactions of amides increase with increasing size of
the substituent on the nitrogen atom. 116 Therefore, the synthesis of substrates with a (±)-
a-methylbenzyl substituent on the nitrogen atom was explored with the expectation that
the rate of the intramolecular enyne cycloaddition, and perhaps also the efficiency, would
increase.
The synthesis of the (±)-a-methylbenzyl amide substrate 205 required coupling
the previously discussed carboxylic acid 199 with amine 204 which was prepared using
the method previously employed for the synthesis of amine 198. Thus, reaction of 3.0
equiv of (±)-a-methylbenzylamine with propargylic chloride 185 in DMF smoothly
furnished amine 204 in 85-87% yield after purification by column chromatography (eq
38). Reaction of amine 204 with 2.4 equiv of acid 199 using DMAP and DCC in
methylene chloride then afforded amide 205 in a 28% yield after purification by column
chromatography (eq 39). The low yield was attributed to the formation of undesirable
byproducts which could not be characterized. It is possible in this case that steric
hindrance in the branched amine retards the rate of the desired coupling reaction allowing
undefined side reactions to be competitive. The 1H NMR spectrum of amide 205 shows a
ratio of ca. 48:52 for the two rotational isomers.
DMF, it
-40-42 h • • (38)3.0 equiv Ph NH + C /  - 85-87% Ph N - )
185 H 204
116 (a) Ciganek, E. In Organic Reactions; Dauben, W. G., Ed.; John Wiley and Sons: New York, 1984;
Vol. 32, Chapter 1 and references cited therein. (b) Gschwend, H. W.; Lee, A. O.; Meier, H.-P. J. Org.
Chem. 1973, 38, 2169. (c) Martin, S. F.; Williamson, S. A.; Gist, R. P.; Smith, K. M. J. Org. Chem. 1983,
48, 5170. (d) Martin, S. F.; Li, W. J. Org. Chem. 1989, 54, 265.
K .0.2 equiv DMAP
N o % f 0%C..-In2L*2 , V %•.;H 204 then, 1.1 equiv DCC
0 0C, 2 h; rt, 30 min
+ 28%
2.4 equiv HO2C
n'a
(39)
)Me
199 205
The synthesis of cycloaddition substrates similar to 205 but with unsubstituted
(terminal) acetylenic ketones as enynophiles was also undertaken. Jousseaume and co-
workers have reported a procedure for the synthesis of aliphatic propynoic esters in good
yield via DCC-DMAP coupling of an alcohol with propiolic acid. 117 In a similar fashion,
we found that addition of a solution of 1.1 equiv of DCC and 0.2 equiv of DMAP in
methylene chloride to a solution of amine 198 and 2.4 equiv of propiolic acid in
methylene chloride at -25 °C provided amide 207 in excellent yield (90-93%) (eq 40).
0.2 equiv DMAP
--- 1.1 equiv DCC
PhW N CH2CI2H 198 -25 °C, 10 min;
0 oC 1.5 h (40)90-93% •P N(0
2.4 equiv HO2C 909
206 O 207
The (±)-oc-methylbenzyl amide 208 was prepared by the same procedure in 68%
yield (eq 41). The NMR spectral data for amides 207 and 208 were similar to that for
amides 197 and 205, however, a noticeable difference was observed in the IR spectrum
with the appearance of acetylenic C-H stretching bands at 3290 and 3282 cm- 1,
respectively. The 1H NMR spectra for amides 207 and 208 both exhibit a 57:43 ratio of
rotational isomers.
S 0.2 equiv DMAP
N - •1.2 equiv DCC
~N +CHal,(
H 204 -25 °C, 15 min;0 oC, 3.5 h
68%
2.4 equiv. HO2C,
206 0 208
117Balas, L.; Jousseaume, B.; Langwost, B. Tetrahedron Lett. 1989,30,4525.
Also of interest in our investigation were substrates comprising alkenes rather
than alkynes as enynophiles. We initially focused on the synthesis of a substrate without
substitution on the olefin in order to test the ability of olefins to act as enynophiles in the
intramolecular enyne cycloaddition. Attempts to prepare amide 210 by the DCC-
mediated coupling of amine 198 with acrylic acid were unsuccessful; the resulting amide
210 was contaminated with undesirable byproducts which could not be separated.
However, the desired amide was successfully formed in 55% yield by the reaction of
amine 198 with acryloyl chloride and triethylamine in methylene chloride (eq 42).118
O 1.1 equiv Et3N, CH2C12
-78 C, 55 min; rt, 2.5 h / -
BnN C+ 55%Bn (42)H
198 209 0 210
In addition to examining intramolecular enyne cycloadditions of substrates with
nitrogen in the connecting chain, we also were interested in cycloadditions involving
substrates in which the enyne and enynophile moieties are connected by ester linkages.
The acetylenic ester 211 is a typical substrate of this type. This ester was readily
obtained in 80% yield by following the DCC-mediated coupling procedure employed for
the synthesis of amides 207 and 208 (eq 43). The IR spectrum for ester 211 has an
acetylenic C-H stretching band at 3300 cm- 1, two carbon-carbon triple bond stretching
bands at 2120 and 2225 cm- 1, and a carbonyl stretching band at 1718 cm- 1.
0.2 equiv DMAP
1.2 equiv DCC, CH2CI2
HO -25 0C, 10 min;184 0 •C 1.5 h; rt, 30 min /
2.5 equiv HO2C 80%
206 0 211
As part of our systematic investigation of the scope of the intramolecular enyne
cycloaddition, we were also interested in exploring the effect of varying the substituents
on the enyne component. Consequently, we set out to synthesize amide and ester
118For an experimental procedure, see: Martin, S. F.; Williamson, R. P.; Gist, R. P.; Smith, K. M. J. Org.
Chem. 1983, 48, 5170.
substrates containing different substituted and unsubstituted enyne moieties. Ester 215,
one such substrate, was prepared from esterification of propiolic acid and the propargylic
alcohol 214.
The synthesis of alcohol 214 was achieved in two steps from commercially
available propargyl alcohol via a Suzuki coupling strategy as outlined in Scheme 17.
Treatment of propargyl alcohol with N-bromosuccinimide (NBS) and catalytic silver
nitrate provided the known bromoacetylene 212119 in excellent yield. 120 Bromoacetylene
212 and the butenylborane 213121 were then heated at reflux in THF in the presence of
sodium methoxide, methanol, and a catalytic amount of Pd(PPh 3)4 to give enyne alcohol
214 in approximately 54% yield. 122 Purification of this alcohol was complicated by the
presence of cyclooctanediol, which is the oxidation product of 9-BBN derivatives. The
diol was present in varying amounts, and could not be removed by column
chromatography or by fractional Kugelrohr distillation.
Scheme 17
2.6 equiv 2 a13
1.1 equiv NBS 2 mol% Pd(PPhs) 40.10 equiv AgNO 3  1.4 equiv NaOMe
acetone, rt, 4 h MeOH, THF, A, 22h-
HO 94-98% HO ca. 54% HO212 214
Ester 215 was prepared in approximately 79% yield following the procedure for
the synthesis of ester 211 (eq 44). Purification of this ester was complicated by the
presence of cyclooctanediol from alcohol 214; however, the diol could be partially
separated from the ester by column chromatography. The IR spectrum for pure ester 215
displays an acetylenic C-H stretching band at 3290 cm-1, two carbon-carbon triple bond
stretching bands at 2230 and 2120 cm- 1, and a carbonyl stretching band at 1710 cm -1.
119 Ando, T.; Shioi, S.; Nakagawa M. Bull. Chem. Soc. Jpn. 1972, 45, 2611.
120Hofmeister, H.; Annen, K.; Laurent, H.; Wiechert, R. Angew. Chem., Int. Ed. Engl. 1984, 23, 727.121Butenylborane 213 was prepared from an excess of 2-butyne and 9-BBN in THF at 0 *C; this solution
was placed in the refrigerator (0-4 *C) for 24 h to ensure complete hydroboration.
122(a) Miyaura, N.; Yamada, K.; Suginome, H.; Suzuki, A. J. Am. Chem. Soc. 1985, 107, 972. (b)
Miyaura, N.; Ishiyama, T.; Sasaki, H.; Ishikawa, M.; Satoh, M.; Suzuki, A. J. Am. Chem. Soc. 1989, 111,
314. (c) Miyaura, N.; Yamada, K.; Suzuki A. Tetrahedron Lett. 1979,3437.
0.2 equiv DMAP
- 1.2 equiv DCC, CH 2CI2
HO -30 0C, 10 min;H 214 0 oC 1.5 h; rt, 20 min /
+ ca. 79% (44)c .  9 " .....
2.4 equiv HO 2C
206 0 215
(2) Substrates Containing Four-Atoms in the Connecting Chain
A final area of interest in our studies of the intramolecular enyne cycloadditions
of heteroatom-containing substrates was the effect of varying the length of the chain
connecting the enyne and enynophile. Consequently, we set out to synthesize a variety of
substituted "type II" amide cycloaddition substrates with four atoms in the connecting
chain. The methods employed were identical to those used for the synthesis of "type II"
amide substrates with three-atoms in the connecting chain. The general strategy
employed for the synthesis of both the requisite ester and amide substrates thus involved
the DCC-mediated coupling of o,3-unsaturated carboxylic acids with homopropargylic
enyne alcohols and amines. The homopropargylic amine intermediates were readily
obtained from the corresponding alcohols using the nucleophilic displacement chemistry
discussed in the previous section.
Homopropargylic alcohol 216123 was prepared from 3-butyn-l-ol and 2-
bromopropene by a modified Castro-Stephens coupling reaction 104 (eq 45). The next step
was to convert the alcohol moiety of 216 into a good leaving group which could then be
displaced by benzylamine and (±)- x-methylbenzylamine to provide homopropargylic
amines 218 and 220. Conversion of alcohol 216 into iodide 217 was accomplished by
1.5 mol% Cul
3 mol% Pd(PPh)
-'y Et2NH, rt, 19-25.5 h O
HOý + 1.5 equiv 80-85% HO216 (45)
123 2216 is co6mercially available.
123 Alcohol 216 is commercially available.
reaction with triphenylphosphine, imidazole, and iodine in THF (Scheme 18).124 The
alkylation of benzylamine with homopropargylic iodide 217 provided homopropargylic
amine 218 in only 27% yield (Scheme 18). The low yield was attributed to a competing
elimination reaction promoted by the amine to produce a volatile 2-methyl-1,5-hexadien-
3-yne byproduct. Therefore, in order to increase the yield of 218, we considered the use
of a leaving group which would favor substitution rather than elimination.
Scheme 18
PPh 3, 1.5 equiv imid.1.5 equiv 12
THF, 0 OC, 15 min; 3.0 equiv BnNH2
rt, 50 min DMF, rt, 18.5 h
H 0- 82% I N 27% BnN
216 217 H 218
Arnold and co-workers have reported that a number of primary alkyl bromides,
when treated with potassium tert-butoxide, mainly undergo elimination, whereas the
corresponding tosylates afford predominantly substitution products. 125 On the basis of
these results, we anticipated that displacement of the homopropargylic tosylate 219 by
benzylamine and (±)-a -methylbenzylamine would provide primarily the substitution
products, homopropargylic amines 218 and 220, respectively. The homopropargylic
tosylate 219 was prepared in 71% yield via the reaction of homopropargylic alcohol 216
with 1.3 equiv of pyridine and 1.1 equiv of tosyl chloride in methylene chloride (eq
46).126 The sluggish rate of the tosylation reaction of this primary alcohol is
noteworthy. 127
1.1 equiv TsCI
1.3 equiv pyridine
CH 2CI2, 0 °C to rt, 94.5 h
HO 71%• TaO - (46)
216 219
124 (a) For a review, see: Castro, B. R. Org. Reactions 1983, 29, 1. (b) For the experimental procedure
followed for the conversion of 216 to 217, see: Wu, Y.; Ahlberg, P. Synthesis 1994, 463. Also, see:
Gould, A. E., Massachusetts Institute of Technology, unpublished results.
125 Veeravagu, P.; Arnold, R. T.; Eigenmann, E. W. J. Am. Chem. Soc. 1964, 86, 3072.
126For an experimental procedure, see: Kabalka, G. W.; Varma, M.; Varma, R. S.; Srivastava, P. C.;
Knapp Jr., F. F. J. Org. Chem. 1986, 51, 2386.
127The homopropargylic tosylate 219 was isolated in only 50% yield after 23 h at 0-25 °C under the
conditions outlined in eq 46.
Reaction of 3.0 equiv of benzylamine with tosylate 219 in DMF slowly provided
homopropargylic amine 218 in 77% yield; however, this amine was contaminated with
ca. 3% of the tosylate starting material which could not be separated by column
chromatography (eq 47). Similarly, reaction of 3.0 equiv of (±)-a-methylbenzylamine
with tosylate 219 in DMF slowly furnished homopropargylic amine 220 which was
isolated as a 8:1 mixture of amine 220 and tosylate 219 (eq 48). Tosylate 219 could not
be removed from amine 220 by column chromatography; therefore, the amine 220-
tosylate 219 mixture was used in the subsequent amide-forming coupling reactions. The
efficiency of the substitution reactions using the homopropargylic tosylate as the
electrophile indicates that the competitive elimination reaction was suppressed.
3.0 equiv PhCH 2NH2DMF, rt 88.5 h 
_O(47)
TO 77% BnN (47)
219 H 218
3.0 equiv PhCH(Me)NH 2
DMF, rt 133 h (48)
TsO 69% PhCH(Me)N (
219 H 220
8:1 amine 220-tosylate 219
Due to the sluggish rate of both the formation of tosylate 219 as well as its
conversion to amines 218 and 220, we decided to investigate the corresponding mesylate
which was readily prepared following the classical procedure of Crossland and Servis. 128
However, alkylation of both benzylamine and (±)-oa-methylbenzylamine with the
homopropargylic mesylate in DMF at 25 oC provided amines 218 and 220 in only 34%
and 20% yield, respectively, after 91 hours.
Amines 218 and 220 are useful intermediates which can be utilized for the
synthesis of a wide variety of "type II" amide cycloaddition substrates with a four-atom
tether. The synthesis of these amides follows the procedure for the synthesis of the three-
atom amide substrates and is summarized in Table 3. As in the case for the three-atom
128 Crossland, R. K.; Servis, K. L. J. Org. Chem. 1970,35,3195.
amide substrates, 2.4 equivalents of the appropriate unsaturated acids were utilized for the
DCC/DMAP-mediated coupling reactions with alcohol 216, and amines 218 and 220.
Reactions were typically performed on a scale to produce between 200-725 mg of
product. All of the "type II" cycloaddition substrates represent new compounds and,
consequently, were fully characterized by 1H and 13C NMR, IR, and HRMS.
Table 3. Synthesis of "Type H" Cycloaddition Substrates
Entry Cycloaddition Substrates Method of Preparation Yield
1 221 A 86%
O OMe
2 I 222 A 77%
0
3 % 223 A 57-64%
PhyN ,
4 224 B 61%
0
0
5 225 C 84%
6 226 C 72%Ph N~fo
Method A: amine, 2.4 equiv of the acid, 0.2 equiv of DMAP, 1.1 equiv of DCC, CH2CI2,
0 OC, 1.5-2.5 h; rt, 25 min. Method B: Addition of 1.1 equiv of DCC, 0.2 equiv of DMAP
in CH2 CI2, to a solution of amine and 2.4 equiv of acid in CH2Cl2, at -25 *C, 15 min; 0 OC,
2.5 h; and rt, 30 min. Method C: amine, acryloyl chloride, 1.1 equiv of Et3N, CH2C12,
-78 OC, 45 min; rt, 1.5-2.5 h.
Synthesis of Ynamine Cycloaddition Substrates
Another phase of our investigation involved examining the application of the
intramolecular enyne cycloaddition as a route to substituted carbazoles, a heterocyclic
system that occurs in the structure of a number of alkaloid natural products. We
envisioned that carbazoles such as 227 could be prepared via the intramolecular
cycloaddition of ynamine derivatives such as 228 that might be readily available via the
conjugate addition-elimination reaction of a 3-bromopropiolate with an enynylaniline
derivative such as 229. Carbamate 229 would be synthesized from aryl iodide 231 by a
Castro-Stephens coupling as indicated in Scheme 19.
Scheme 19
\/ \/ ~
N C2R
I C0 2Me RO2CCO2 R
227 228 229
+
Br - CO2Me
230
QNH
231 I 183
Co 2R
The conjugate addition-elimination step is a key step in the synthesis of ynamine
228, and, therefore, it was investigated first. A variety of methods for the synthesis of
ynamines 129 have been developed in conjunction with their use in a number of carbon-
129(a) For reviews on the synthesis of ynamines, see: Collard-Motte, J.; Janousek, Z. Top. Curr. Chem.
1986, 130, 89 and references cited therein. (b) Himbert, G. In Methoden der Organischen Chemie
(Houben-Weyl); Kropf, H.; Schaumann, E., Eds.; Georg Thime Verlag: Stuttgart, 1993; Vol. E15, p 3267.
(c) Viehe, H. G. Chemistry of Acetylenes; Marcel Dekker: New York, 1969; Chapter 12. (d) For the
synthesis of 5-amino-pent-2-en-4-ynals via a Pd(0) catalyzed coupling of stannyl or silyl ynamines, see:
Berger, D.; Neuenschwander, M. Chimia 1995, 49, 72.
I >
carbon bond forming reactions. 130 The best known class of ynamines is the "push-pull"
acetylenes 233. These ynamines have been prepared from the corresponding vinylogous
amides, carbamates, and ureas (232) via a simple bromination-dehydrobromination
sequence in good yield (eq 49).131 These "push-pull" acetylenes are stable at -50 0C for
prolonged periods of time, but readily polymerize at 20 oC.131b,132
Br2  + PH _ EtaN) R2 NC-C=C Br -N1
H HBr~ %
(49)
232 t-Ut-BuOK
ITHF
233 R
A review of the literature on methods for preparing "push-pull" acetylenes via
conjugate addition-elimination condensations of amines with activated haloacetylenes
revealed that these reactions are often low yielding or unsuccessful. For example,
cyanoynamines 234 have been prepared by conjugate addition-elimination reactions of
various secondary amines with chlorocyanoacetylene at -50 oC, albeit in low yields (eq
50).133 In contrast phenyl bromoethynyl ketone and ethyl bromopropiolate (235) did
-50 0C, Et20NC - Cl + HNR 1R2  NC -= NRIR 2  (50)20-55% 234
R, = R2 = Me
R, = R2 = Et
R1,R2 = (CH 2)5R1,R 2 = (CH2)4R1 ,R2= (CH2)20(CH 2)2
130(a) For a review on cycloaddition reactions of ynamines and addition reactions leading to formation of
carbon-carbon bonds, see: Ficini, J. Tetrahedron 1976, 32, 1448. (b) For the versatility of ynamines in
peptide synthesis, see: (i) Neuenschwander, M.; Lienhard, U.; Fahrni, H.-P.; Hurni, B. Heiv. Chim. Acta
1978, 61, 2428. (ii) Neuenschwander, M.; Fahrni, H.-P.; Lienhard, U. Helv. Chim. Acta 1978, 61, 2437.
(iii) Gais, H.-J. Angew. Chem. Int. Ed. Engl. 1978, 17, 597.
131(a) Hafner, K.; Neuenschwander, M. Angew. Chem. Int. Ed Engl. 1968, 7,459. (b) Gais, H.-J.; Hafner,
K.; Neuenschwander, M. Helv. Chim. Acta 1969, 52, 2641. (c) Lienhard, U.; Fahrni, H.-P.;
Neuenschwander, M. Helv. Chim. Acta 1978,61, 1609.
132 Ynamine 233 (R=H) polymerizes completely in a few minutes at 20 *C, whereas ynamine 233 (R=Me)
polymerizes after 24 h at 20 *C.
133 Sasaki, T.; Kojima, A. J. Chem. Soc. C 1970, 476.
not react with diethylamine or piperidine at -50 'C, and the corresponding ketene N,N-
acetals 236 were produced in poor yields when the reaction was conducted in refluxing
diethyl ether (eq 51). 134 Due to the low stability of 236 (R=Ph), the corresponding
benzoylacetamides 237 were isolated upon workup instead of the ketene N,N-acetals 236.
O R2R1NH R2 R1, O
A, Et2O H*Br - • A (51)
R R2 RIN 0  R2R R235 236 R 237
R = Ph or OEt
R= R2 = Et or (CH 2)5
Attempts to prepare "push-pull" acetylenes via conjugate additions of secondary
amines to l,0-dichloroketones and subsequent base-promoted eliminations have also
been unsuccessful. For example, flf-dichloroketones react with secondary amines at -50
oC to afford 2-amino-2-chlorovinylketones in good yields; 135 but, the corresponding
ynamines have not been isolated (only detected) from the base-promoted eliminations of
the 2-amino-2-chlorovinylketones. 136 It can be concluded, therefore, that the conjugate
addition-elimination sequence involving secondary amines is not suitable as a synthetic
method for making the corresponding "push-pull" acetylenes.
The "push-pull" acetylene that we were interested in preparing is quite different
from the systems previously examined. Our conjugate addition-elimination reaction
involves the addition of a phenyl carbamate anion to a 3-bromopropiolate, and we
anticipated that the differences in reactivity between a secondary amine and a phenyl
carbamate anion would enable us to successfully prepare the ynamine products by this
route. The feasibility of the key step was first examined in a model study using N-
(methoxycarbonyl)aniline (238)137 as the carbamate. Treatment of the sodium salt of
134 Vereshchagin, L. I.; Gavrilov, L. D.; Bol'shedvorskaya, R. L.; Kirillova, L. P.; Okhapkina, L. L. Zh.
Org. Khim. 1973, 9, 506; Engl. Transl. 1973, 9, 514.
135 For examples of the conjugate addition of amines with vinylogous bromoformates and f3-halo
acrylonitriles, see (a) Scotti, F.; Frazza, E. J. J. Org. Chem. 1964, 29, 1800. (b) Ancos, B.; Maestro, M. C.;
Martin, M. R.; Farina, F. Synthesis 1988, 136.
136 Schroth, W.; Spitzner, R.; Hugo, S. Synthesis 1982, 199.
137 Prepared following the procedure for making the ortho-iodo derivative, see: Romines, K. R. Ph. D.
Thesis, Massachusetts Institute of Technology, Feb. 1993, p 128.
carbamate 238 with methyl 3-bromopropiolate (230)138 in either THF or DMF at 25 oC
did not provide the desired ynamine 239 as evidenced by the lack of an acetylenic triple
bond stretching band in the IR spectra of the crude reaction mixtures (eq 52).
1. NaH, DMFITHF, rt, 55 min
2. 1.1 equiv Br---CO2M•r(t, 2 h (52)
NH N- CO2Me
238 CO2Me MeO2C 239
Since the desired ynamine was not detected in these reactions and only trace
amounts of the starting carbamate were detected by TLC analysis, we considered the
possibility that the carbamate anion was adding more than once to the acetylene to give
the ketene N,N-acetal byproduct. Upon further study, it was found that the undesired
reaction could be suppressed if the carbamate anion was added to an excess of the
bromoacetylene (inverse addition). Thus, addition of the sodium salt of carbamate 238 to
an excess of bromoacetylene 230 in DMF at 25 oC gave a product that contained a triple
bond, as evidenced by the carbon-carbon triple bond stretching band at 2240 cm - 1 in the
IR spectrum of the crude mixture. 139 Reducing the temperature to 0-4 TC was also found
to suppress the side reaction. Thus, addition of the sodium salt of carbamate 238 to a
solution of 1.9 equiv of bromoacetylene 230 in DMF at 0 0C, and then stirring for 5 days
at 0-4 TC provided ynamine 239 (56%) as a light yellow solid (eq 53).140
1.6 equiv NaH, DMF, rt, 50 min;
50-52 °C, 35 min;
then add to
1.9 equiv Br- -CO0 2 MeDMF, 0-4 *C, 5 days (53)
~(53)
56%K NH N CO=Me
I /
238 CO2Me Me02C 239
The "push-pull" acetylene 239 exhibits a number of interesting spectral
characteristics (Table 4). The IR spectrum shows a strong diagnostic carbon-carbon
138 (a) Leroy, J. Synth. Commn. 1992, 22, 567. (b) Leroy, J. Org. Synth. 1996, 74, 212.
139The triple bond stretching band for methyl 3-bromopropiolate (230) is at 2200 cm- 1.
140This reaction has not been optimized.
triple bond stretching band at 2210 cm- 1 and exhibits two carbonyl stretching bands at
1760 and 1702 cm- 1. The 13C NMR also provides evidence for an ynamine structure.
The C-1 carbon of the ynamine is at 82 ppm whereas the C-2 carbon is at higher field, 66
ppm, due in part to the contribution of the resonance structure 239a illustrated below. In
general, the 13C NMR spectra of "push-pull" acetylenes show the C-1 carbon at 105-111
ppm and the C-2 carbon at 72-75 ppm. 141 The 1H NMR spectrum provides little
diagnostic information except for the appearance of the two methoxy group protons as
singlets at 3.93 and 3.78 ppm, and a multiplet at 7.26-7.43 ppm for the aryl protons.
PhN 1 2 PhN® G
N CO2Me N=C=C -CO 2Me/ /
MeO 2 C 239 MeO 2C 239a
Table 4. Spectral Characteristics of
Methyl-3-[N-(methoxycarbonyl)aniline]propiolate (239)
IR (CHC13): 2210, 1760, 1702, 1490, 1435, 1372, 1285, and
1160 cm- 1
13C NMR (75 MHz, CDC13 ):
1H NMR (300 MHz, CDC13): 7.26-7.43 (m, 5H), 3.93 (s, 3H), and 3.78 (s, 3H)
ppm
The successful formation of ynamine 239 in this model study laid the groundwork
for the synthesis of a series of ynamine cycloaddition substrates. Enyne 241 was
141Lienhard, U.; Fahmi, H.-P.; Neuenschwander, M. Helv. Chim. Acta 1978, 61, 1609.
129.3
128.1 : 124.9
c x)J4 37.7 65.6
N 154.6
0 81.8 OMeOMe
154.0 OMe 52.4
55.0
constructed by a modified Castro-Stephens coupling104 between iodide 240142 and
commercially available 3-methyl-3-buten-1-yne (183) in 96-97% yield (eq 54).
Similarly, the sulfonamide 243 was prepared from iodide 242143 and
isopropenylacetylene 183 via a modified Castro-Stephens coupling, but in only 10% yield
(eq 55).
0.02 equiv Cul
0.03 equiv Pd(PPh3) 4 4S Et2NH, rt, 19-21 h
+ 1.5 equiv (96-97% -(54)
H
240 CO 2Me 183 241 C0 2M
0.016 equiv Cul
0.03 equiv Pd(PPhs)4
+ 1 .5i/ Et2NH, rt, 22.5 h(55)
+ 1.5-equiv q• (55)10% mNH NH1 I
242 Ts 183 243 TO
The synthesis of the N-(tert-butoxycarbonyl)-protected enyne 246 was achieved in
a similar fashion. Carbamate 245 was synthesized from commercial 2-iodobenzoic acid
(244) by a Curtius rearrangement using commercial diphenylphosphoryl azide and tert-
butanol (Scheme 20).144 The crude product was used without purification in a modified
Scheme 20
(PhO)2P(O)N 3  2 mol% PdCI2(PPh) 2
(a , Et3N, 2 equiv t-BuOH1 1.5 equiv 2 mol% Cul, Et2NHTHF, reflux, 1 h rt, 17 8 h% C , te
CO2H NH 88%; 2 steps \ NH
244 C245 O2 183 246 COt-BuCOOt-Bu CO 2t-BU
Castro-Stephens coupling to generate enyne 246 in 88% overall yield for the two steps.
The 13C NMR spectrum for compound 246 exhibits carbon-carbon triple bond
142Romines, K. R. Ph.D. Thesis, Massachusetts Institute of Technology, Feb. 1993, p 128.
143 The iodide 242 was prepared from the reaction of 2-iodoaniline with 1.1 equiv of tosyl chloride and 1.2
equiv of pyridine in methylene chloride at 0 °C to 25 0C (59%). For comparison of the spectral data, see:
Luo, F.-T.; Wang, R.-T. Heterocycles 1991, 32, 2365.
144Danheiser, R. L.; Mori, I.; Romines, K.; Niger, R. J., manuscript in preparation for Org. Synth.
resonances at 97.4 and 83.5 ppm as well as an aliphatic quaternary carbon resonance at
80.6 ppm, indicating that enyne 183 indeed coupled with carbamate 245.
The successful synthesis of the enynylaniline derivatives set the stage for the next
sequence of reactions: the conjugate addition-elimination condensation to furnish the
desired ynamine cycloaddition substrates. As shown in Table 5, good yields of the
ynamines were obtained when the sodium salt of the carbamates were added to an excess
of methyl 3-bromopropiolate (230) in DMF at 0 TC. It was found that extraction of the
aqueous layer with 8-10 portions of diethyl ether was necessary in order to obtain good
yields of the ynamines. Ynamines 247 and 249 could be stored in a degassed methylene
chloride solution at 0-4 TC for at least a month without noticeable decomposition.
The "push-pull" acetylenes 247-249 were easily characterized from their
diagnostic signals in the IR and 13C NMR spectra. The IR spectra show carbon-carbon
triple bond stretching bands of the ynamine moiety at 2220-2226 cm-1 for ynamines 247,
248, and 249. The 13C NMR spectra show carbon-carbon triple bond resonances of the
ynamine moiety at 65.0 and 81.9 ppm for ynamine 247, 67.3 and 87.5 ppm for ynamine
248, and 65.1 and 84.7 (or 83.0) ppm for ynamine 249.
Table 5. Synthesis of Enyne Ynamines
1.3 equiv NaH, DMF, rt, 50 min;
then add to
1.6 equiv Br- ý CO2MeDMF, 0 °C
a N -CO 2MWI
R R
Entry R Time Yield
1 CO2Me 247 48-49 h 68-79%
2 Ts 248 70 h 70%
3 CO2t-Bu 249 71 h 84%
Synthesis of Cycloaddition Substrates with Electron Deficient Enynes
Another class of cycloaddition substrates we were interested in exploring were
systems containing an electron withdrawing group on the enyne. The goal of this study
was to use these substrates as a mechanistic probe in the Lewis and protic acid-promoted
cycloaddition reactions as well as to expand the scope of the cycloaddition reaction to
include electron deficient enynes. The "type II" cycloaddition substrates we chose to
investigate are shown below.
I I
250 251
Amide 250 was constructed employing the methods used for the synthesis of the
"type II" cycloaddition substrates. Thus, a solution of amine 192 and 2.4 equiv of acid
252145 in methylene chloride was cooled at -25 TC, and then a solution consisting of DCC
and DMAP in methylene chloride was introduced via cannula. Workup and purification
by column chromatography provided amide 250 as a yellow oil in 86-88% yield (eq 56).
Amide 250 has an acetylenic C-H stretching band in the IR spectrum at 3310 cm-1 along
with a carbonyl stretching band at 1620 cm -1.
1.1 equiv. DCC
0.2 equiv. DMAP
CH2 CI2
- 20 °C, 10 min;
H - 0 C, 2 h
BnN + 2.4 / - BnN1 (56)
__ ---- HO" 86-88% _
192 252 250
145 (a) 4-Methyl-4-penten-2-ynoic acid was prepared by reaction of the lithium acetylide of 183 with CO2
(g). (b) The acid is a known compound, see: (i) Kanesho Co., Ltd Jpn Patent 81 123 904, 1981; Chem.
Abstr. 1981, 96, 16086. (ii) Kanesho Co., Ltd Jpn Patent 81 154 402, 1981; Chem. Abstr. 1981, 96,
117584. (iii) Kanesho Co., Ltd Jpn Patent 58 174 302, 1983; Chem. Abstr. 1983,100, 63515.
Pha
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Ketone 251 was prepared from commercially available 5-hexyn-1-ol as illustrated
in eq 57. 5-Hexyn-1-ol was first oxidized to the corresponding aldehyde under standard
Swern oxidation conditions, 146 and then a solution of 1.6 equiv of the lithium acetylide of
isopropenylacetylene 183 in THF was added dropwise via cannula. Workup and
purification by column chromatography provided propargylic alcohol 253 in 76% yield
(eq 57). Reaction of this propargylic alcohol with the Dess-Martin periodinane1 02,103 in
methylene chloride at 25 0C then smoothly furnished ketone 251 in 87% yield after
purification by column chromatography (eq 57). The IR spectrum of 251 exhibits an
acetylenic C-H stretching band at 3300 cm -1, a carbon-carbon triple bond stretching band
at 2208 cm-1, and a carbonyl stretching band at 1670 cm -1.
• H (COlU')2, DMSO, Et3N
, 
THFi;1.6 equiv.U -- 76%
253
(57)
. Dess-Martin
CI2, rt, 2 h
87%
251
Synthesis of a Diene Cycloaddition Substrate
As mentioned earlier, one of the goals of this project was to study the mechanism
of the intramolecular [4+2] cycloaddition of conjugated enynes. In the course of this
study it became necessary to examine a "type I'I" Diels-Alder diene cycloaddition
substrate, ketone 258, for comparison to our analogous "type I'I" enyne cycloaddition
substrate. The synthesis of ketone 258 is outlined in Scheme 21.
146(a) For a review, see: Mancuso, A. J.; Swern, D. Synthesis 1981, 165, and references cited therein.
Also, see: (b) Ireland, R. E.; Norbeck, D. W. J. Org. Chem. 1985, 50, 2198.
Scheme 21 2 iTSH BH3 mOod(PhC
34zBR2 Br 2 equiv NaOEt/EtOH /
THF, reflux, 4 h
+ 2.0 ] S 44%; for 2 steps
255
4 OH
(~uv kq c92
THF, -10 to 0 °C
19.5h
OH
(COCI)2, DMSO
THF, then Et3N
1.1 equiv Dess-Martin 3.4 equiv i-MgCI
CH2CI2, rt, 20 min THF, 0 -C, 1.5 h
69-76% 74%; for 2 steps H
0 258 HO 257 O 256
Commercially available 5-hexyn-l-ol was hydroborated with 2 equiv of
disiamylborane, 147 ,148 and Suzuki coupling 122 of the resulting borane with 2-
bromopropene then provided diene 255. Unfortunately, in this single experiment,
hydroboration of the alkyne moiety of 5-hexyn-l-ol did not go to completion;
consequently, diene 255 was isolated in 44% yield (from the acetylene) along with a 1:1
mixture of diene 255 and an enyne which had formed via coupling of unreacted 5-hexyn-
1-ol with 2-bromopropene. Catecholborane 149 was also examined as a hydroboration
reagent, but hydroboration of 5-hexyn-1-ol was very sluggish and only a small amount of
diene 255 was obtained; the reaction provided mostly the corresponding enyne product.
In addition, 9-borabicyclo[3.3.1]nonane (9-BBN) 150 was examined as the hydroboration
reagent, but, unfortunately, the diene 255 that was obtained was contaminated with some
of the dihydroborated coupling product (7-methyl-7-octen-1-ol) which could not be
separated in the subsequent steps.
147 For reviews on the hydroboration of alkynes, see: (a) Cragg, G. M. L. Organoboranes in Organic
Synthesis; Marcel Dekker: New York, 1973; Chapter 7. (b) Brown, H. C.; Campbell Jr., J. B. Aldrichimica
Acta 1981, 14, 3. Also, see: (c) Brown, H. C.; Zweifel, G. J. Am. Chem. Soc. 1961, 83, 3834.
148For the preparation and hydroboration of disiamylborane, see: (a) Brown, H. C.; Moerikofer, A. W. J.
Am. Chem. Soc. 1963, 85, 2063. (b) Brown, H. C. Organic Synthesis via Boranes; John Wiley: New York,
1975; pp 29-31 and 54-56.
149 (a) Brown, H. C.; Gupta, S. K. J. Am. Chem. Soc. 1972, 94, 4370. (b) Brown, H. C.; Gupta, S. K. J. Am.
Chem. Soc. 1975, 97, 5249. (c) Lane, C. F.; Kabalka, G. W. Tetrahedron 1976, 32,981.
150Brown, H. C.; Scouten, C. G.; Liotta, R. J. Am. Chem. Soc. 1979, 101,96.
Alcohol 255 was oxidized under Swern conditions, 146 and the crude aldehyde 256
was treated with 3.4 equiv of ethynylmagnesium chloride 151 in THF to provide propargyl
alcohol 257 in 74% isolated yield (for two steps). The 13C NMR spectrum of alcohol 257
exhibits four carbon-carbon double bond resonances at 142.0, 133.3, 130.0, and 114.5
ppm, and the IR spectrum shows an acetylenic C-H stretching band at 3310 cm -1.
Finally, the propargyl alcohol 257 was oxidized with the Dess-Martin
periodinane 1 02,103 to provide ketone 258 in 69-76% yield. Ketone 258 has a carbonyl
resonance in the 13C NMR spectrum at 187.2 ppm. Since this ketone was found to be
unstable to silica gel, deactivated silica gel was used for its purification by column
chromatography. In addition, ketone 258 was not stable to storage as a solution in
methylene chloride at 0-4 'C for extended periods of time; the cycloaddition product was
observed after storage for 3 months at 0-4 TC.
Summary
This chapter has outlined the syntheses of a variety of cycloaddition substrates
containing a heteroatom in the connecting chain. Overall, the synthetic routes that were
utilized enabled us to access a variety of substrates with which the scope and mechanism
of the cycloaddition reaction could be examined. In addition, we were able to show that
"push-pull" acetylenes can be synthesized by a conjugate addition-elimination reaction.
The next chapter will disclose the results of our cycloaddition studies with these
substrates.
151 An excess of the Grignard reagent was employed because the crude aldehyde was not dry.
Chapter 2
Scope of the Intramolecular Enyne Cycloadditions:
Results and Discussion
Introduction
The goal of my thesis research has been to extend the intramolecular [4+2]
cycloaddition of conjugated enynes methodology developed in our laboratory to the
synthesis of heterocycles and to investigate the mechanistic aspects of this chemistry. In
these studies we have focused on substrates that contain a heteroatom in the tether and we
have systematically investigated the scope, mechanism, and stereochemical features of
the cycloaddition. It was our expectation that the results of these studies would define the
breadth of this new methodology and demonstrate its utility in providing access to a
variety of substituted polycyclic aromatic and dihydroaromatic heterocycles. The
previous chapter presented the syntheses of the substrates utilized in this study, and this
chapter will describe the results and conclusions from our systematic exploration of the
scope of the enyne cycloaddition.
General Considerations
In principle, incorporation of a heteroatom such as nitrogen or oxygen in the
connecting chain could affect the facility of the cycloaddition in several ways. For
instance, the electronic effect of introducing a heteroatom would be expected to influence
the energy of the HOMO and LUMO of the enyne and enynophile. Incorporation of a
heteroatom in the tether would also be expected to alter the conformational preferences of
the substrate; this could take several forms: (1) it could affect the entropy of activation
by favoring or disfavoring the conformers preferred for the transition state of the
cycloaddition reaction; and (2) it could affect the overlap of functional groups in the
tether with the 7r bond of the enyne or enynophile, thus altering the degree of conjugation,
and consequently, the energy of the HOMO and LUMO. Likewise, incorporation of a
heteroatom in the tether would be expected to alter the bond angles within the tether
which could affect the rate of cycloaddition ("Thorpe-Ingold effect"). 152 In addition,
substitution of a heteroatom for a methylene group could increase or decrease nonbonded
interactions within the connecting chain, and also could affect torsional strain by
increasing or decreasing the eclipsing interactions within the connecting chain. These
issues are addressed in the following sections in the context of our rationalization of the
results from the examination of the scope of the intramolecular [4+2] enyne
cycloaddition.
"Type I" Enyne Cycloadditions
The initial goal of our investigation involved establishing the feasibility of the
intramolecular enyne cycloaddition of substrates containing a heteroatom in the tether.
Our study began by examining the reactivity of "type I" cycloaddition substrates, i.e.,
substrates where an electron-withdrawing activating group is substituted at the terminal
carbon of the enynophile 7 bond. As shown in Table 6, we were interested in exploring
the cycloaddition of these substrates under the various conditions that have been found to
work well for the all-carbon substrates: thermal, Lewis acid, and protic acid conditions.
The thermal cycloadditions were carried out in degassed toluene (0.05-0.1 M), in the
presence of BHT (1-3 equiv), and in a sealed tube. Lewis and protic acid-promoted
cycloadditions were conducted in methylene chloride (0.025-0.05 M), and in the presence
or absence of BHT.
Our initial efforts focused on examining the cycloaddition of the methyl ketone
188. As depicted in Table 6, the cycloaddition of enyne 188 proceeded under thermal,
Lewis acid, and protic acid conditions, furnishing isoindoline 259 in low to good yield.
The cycloadditions under the Lewis and protic acid conditions proceed at lower
152Sammes, P. G.; Weller, D. J. Synthesis 1995, 1205.
temperature compared to the "thermal" reaction, which is in agreement with results
obtained in the all-carbon systems (Part 1, Chapter 4). The low yield obtained for the
thermal reaction can be attributed to competitive side reactions; the formation of
substantial amounts of uncharacterizable byproducts was observed by TLC analysis of
the crude reaction mixture. Possible side reactions could arise from the thermal
instability of the starting material, and could involve radical-promoted abstraction of the
propargylic or benzylic protons due to the presence of the activating sulfonamide
substituent, or isomerization of the 7 bonds of the enyne or enynophile to an allene
derivative. The structure of the cycloaddition product was confirmed by the appearance
of the expected new aromatic resonances in the 1H and 13C NMR spectra. In particular,
the regioselectivity of isoindoline 259 was determined by 1H NMR analysis in which two
aromatic protons appear as singlets at 7.55 and 7.18 ppm.
Table 6. Cycloadditions of "Type I" Substrates
TaN
O0
Substrate
T1N -8 0e
188 O
Reaction Conditions
1 equiv BHT, PhMe, 122 OC, 3 h
10 equiv ZnBr2 , 2 equiv BHT, CH,2C2
reflux, 3 days
2.5 equiv MeSO3 H, CH 2CI2, 0 OC-+rt, 191
*- TaN
COR
259: R = Me
260: R=H
Yield
36%
64%
h 79%
10 equiv ZnBr2, 2 equiv BHT, CH2C 2  43%
-H rt, 22 h
190
The cycloaddition conditions for enyne 188 were chosen because they had proven
optimal for the cycloadditions of the "type I" all-carbon systems, 68 and also because we
were interested in comparing the reactions of substrates with a heteroatom in the tether to
the analogous all-carbon substrates under the same conditions. Since BHT had
previously been shown to increase the yields for the thermal cycloadditions of the all-
carbon substrates by about 15% (Part I, Chapter 4), the thermal reactions of substrates
containing a heteroatom in the tether were always conducted in the presence of BHT. In
addition, it should be noted that different Lewis and protic acids were not tested for the
cycloaddition of 188 and it is possible that some improvement in yield could result from a
systematic study of other conditions.
On the basis of the above results, we concluded that the intramolecular [4+2]
enyne cycloaddition reactions can indeed proceed with a heteroatom in the connecting
chain. The thermal cycloaddition of sulfonamide 188 proceeds at a lower temperature
(122 'C) compared to the analogous all-carbon substrate (methyl ketone 125) which
required 180 'C, but the cycloaddition of the sulfonamide is less efficient (Part I, Chapter
4, Table 1). In the case of the Lewis and protic acid-promoted reactions, enyne 188
undergoes cycloaddition at the same temperature and at a similar rate to all-carbon
substrate 125, however, the yields are ca. 9-15% higher in the heteroatom case.
With the feasibility of cycloadditions of "type I" substrates containing a
heteroatom in the tether established, we next explored the effect of altering the substituent
on the enynophile. Our studies focused on Lewis acid conditions, since these conditions
appeared to be superior to thermal conditions. Of particular interest was the acetylenic
aldehyde 190. Our interest in examining the Lewis acid-promoted cycloaddition of enyne
190 was based on the work of Marshall and co-workers on the intramolecular Diels-Alder
reaction. These researchers found that utilizing aldehydes as dienophile activating groups
dramatically accelerates the rate of the Lewis acid-promoted Diels-Alder reaction as
compared to the corresponding esters. 99 For example, ester 261 undergoes the
cycloaddition in the presence of 1.0 equiv of EtAlCl2 at 8 TC in 18 h to afford
cycloadduct 262, while aldehyde 263 undergoes the cycloaddition with only a catalytic
amount of EtAlC12 at -78 TC in 1 min to provide cycloadduct 264 with the same level of
efficiency (Scheme 22)!99
Scheme 22
- CH 2CI2
R
OTBS TBSO R
1.0 equiv EtAICI2  262(60%)261: R =C0 21-Pr 8 *C, 18 h
263: R = CHO 0.2 equiv EtAICI2  264(62%)
-78 OC, 1 min
Based on Marshall's results, we were interested to see if a similar rate
enhancement would occur in the intramolecular enyne cycloaddition. The cycloaddition
of aldehyde 190 in the presence of zinc bromide is shown in Table 6. Indeed, the zinc
bromide-promoted cycloaddition of aldehyde 190 proceeded at a faster rate compared to
the reaction of the corresponding methyl ketone 188 which did not go to completion after
1 week at 25 oC. The lower efficiency observed in the cycloaddition of aldehyde 190
compared to ketone 188 may be attributed to the decreased stability of both the aldehyde
substrate (190) and product (264) under the reaction conditions.
In order to obtain a clearer picture with regard to the effect of having a nitrogen
atom in the connecting chain on the rate of the enyne cycloaddition, we decided to
examine the reaction of a substrate lacking any other activating functionality.
Specifically, we examined the thermal cycloaddition of amine 196 and compared it with
the thermal cycloaddition of enyne 129 (eq 58 and eq 59). Thermolysis of amine 196 at
180 'C for 19 h provided isoindoline 265 in 64% yield (eq 58). In contrast, Dr.
Alexandra Gould had found that thermolysis of enyne 129 at 180 'C for 7 h furnished
only trace amounts of indan 138 as determined by TLC and 1H NMR analysis of the
crude reaction mixture.67 However, heating enyne 129 at 250 'C afforded indan 138 in
35% yield (eq 59). One possible explanation for the differences in reactivity between
3 equiv BHT, PhMe
nN\- 180 °C, 19 h
BnN 64% Bn (58)
196 265
1 equiv p-MeOC 6H4OH
cyclohexane
- 250 OC, 22 h (59)
35%
129 Estimated 75% purity (1H NMR analysis) 138
enynes 196 and 129 is an inductive effect of the nitrogen atom in the tether of the former
substrate which could activate the enyne and/or enynophile for the cycloaddition.
Additionally, the higher reactivity of amine 196 may be attributed to decreased
nonbonding or eclipsing interactions developing in the five-membered ring transition
state during the cycloaddition relative to the transition state in the cycloaddition of enyne
129, as shown below for a concerted [4+2] cycloaddition.
BnN 1 ]
196a 129a
We were unable to find examples of thermal cycloadditions of similar Diels-Alder
substrates containing a three-atom tether for comparison; however, results obtained in the
intramolecular Diels-Alder reaction of analogous substrates containing a four-atom tether
revealed that replacement of a methylene group with a substituted nitrogen atom does not
significantly affect the rate of the reaction. In the zirconium-promoted bicyclization of
enynes, Negishi et al. have observed differences in reactivity between a substituted hept-
1-en-6-yne substrate containing an amine in the tether compared to the analogous
substrate containing only carbon atoms in the tether. 153 However, they did not offer any
explanation for their results.
"Type I" Enyne Cycloadditions
Having established the feasibility of the cycloadditions of substrates containing a
heteroatom in the tether, we next turned our attention to the investigation of
cycloadditions of "type I'I" amide and ester substrates. As described in Chapter 1, the
synthetic routes utilized in the construction of the "type II" amide and ester substrates
allowed for incorporation of a variety of substituents on the enyne and enynophile, and
within the tether (Part II). Consequently, we have utilized the "type II" amide and ester
substrates to investigate the scope of the intramolecular enyne cycloaddition, and to also
study the mechanism and stereochemistry of this process.
A. Results
The results from our systematic examination of the scope of the thermal
cycloadditions of the "type II" amide and ester substrates which contain an alkyne as the
enynophile are presented in Table 7. The results from studies on the scope of the Lewis
and protic acid-promoted cycloadditions of the "type II" amide substrates are outlined in
Table 8. The conditions employed for these cycloadditions were chosen because they had
proven optimal for the cycloadditions of the "type II" all-carbon systems, and also so that
we could directly compare the reactions of the substrates with a heteroatom in the tether
to the analogous all-carbon substrates (Part I, Chapter 4).68 Thermal cycloadditions were
carried out in degassed toluene (0.05 M), in the presence of BHT (3 equiv), and in a
153 (a) Negishi, E.; Swanson, D. R. Cederbaum, F. E.; Takahashi, T. Tetrahedron Lett. 1987, 28, 917. (b)
Negishi, E.; Holmes, S. J.; Tour, J. M.; Miller, J. A.; Cederbaum, F. E.; Swanson, D. R.; Takahashi, T. J
Am.n Chem. Soc. 1989, 111, 3336.
sealed tube. Cycloadditions in the presence of methanesulfonic acid were conducted in
degassed 1,2-dichloroethane (0.025 M) and required heating. Cycloadditions of the "type
II" amide and ester substrates in the presence of other protic acids were not tested. Zinc
bromide was the only Lewis acid examined that successfully promoted the cycloaddition
of amide substrates; these reactions were performed in the presence of both zinc bromide
(10 equiv) and BHT (2 equiv), in 1,2-dichloroethane (0.05 M), and required heating.
Reactions of a few amide substrates in the presence of other Lewis acids such as
aluminum chloride or dimethylaluminum chloride provided traces or none of the desired
cycloadducts; decomposition and byproduct formation was observed by TLC and 1H
NMR analysis of the crude reaction mixtures.
The majority of the cycloadducts in Tables 7 and 8 are new compounds and,
consequently, were fully characterized by 1H NMR, 13C NMR, and IR spectroscopy, and
elemental analysis or HRMS. Examination of the 1H and 13C NMR spectra confirmed
that the desired intramolecular cycloaddition reactions had occurred. The cycloadducts
exhibited the expected new aromatic proton resonances in their 1H NMR spectra and new
carbon-carbon double bond resonances in their 13C NMR spectra. Regioselectivity was
determined by 1H NMR analysis; in particular, at least one of the aromatic protons (6.9-
7.2 ppm) appears as a singlet (i.e., no ortho protons) in each cycloadduct.
Table 7. Thermal Cycloadditions of "Type II" Amide and Ester Substrates
Entry Substrates Cycloadduct Conditionsb Yield (%)
1 BnN
0 207
2 RN /
0 208
3 BnN
0 222
4
RN
0 223
BnN;:]iii
0 266
RN\
0 267
BnN 4
00 268
RN ;
0269
5
6
3 equiv BHT
120 -C, 6 h
3 equiv BHT
120 'C, 6 h
3 equiv BHT
180 °C, 38h
3 equiv BHT
180 °C,40 h
3 equiv BHT
124 0C, 6 h
3 equiv BHT
120 °C, 6 h
__ /
BnN
a BnN~
% 3 eq
5y1200C
250 273
uiv BHT
C,94 h
uiv BHT
, 20.5h
O3 eql
150
0 274
O• 3 eq•
1500
00 279
a R=(±)-1-Phenylethyl. b Reactions were run in toluene.
9
10
uiv BHT
"-, 8 h
uiv BHT
0C,21 h
I ---
I
I
Table 8. Protic and Lewis Acid-Promoted
Cycloadditions of "Type H" Amide and Ester Substrates
Entry Substrates Cycloadduct Conditionsb Yield (%)
1 BnN Bn 2.4 equiv MsOH 5
074-80 *C, 24 h
0 207 0266
I
2 RN
208
3
2.5 equiv MsOH 61
72-80 *C, 19 h
1.U equiv MSU- 2
85 °C, 25 h 26
10 equiv ZnBr
2.1 equiv BH 49
78 °C, 3 h
/
4 r' =
BnN
0 226
2.5 equiv MsOH
70 'C, 18.5 h 23d
5 N 2.5 equiv MsOHRN5 .• 70 *C, 6 h 3RNRNI70'C.6
O 225 O 277
a R=(±)-1 -Phenylethyl. b The reactions were run in 1,2-dichloroethane unless
otherwise indicated. cThis reaction was run in toluene. d The Meyer-Schuster
product was also isolated (16%) (vide infra).
B. Discussion of Results
Results from our exploration of the scope of the intramolecular cycloaddition of
conjugated enynes revealed that the reaction is quite general. As illustrated in Tables 7
and 8, and 1 and 2 of Part I (Chapter 4), the intramolecular cycloaddition methodology
provides access to polycyclic aromatic compounds containing a variety of substituents
and substitution patterns. It should be noted, however, that these tables only show the
successful cases that were examined. In the course of our investigation, we examined a
variety of features of the reaction including substituent effects on the enyne, substituent
I
effects on the enynophile, the effect of the length of the connecting chain, the effect of
substitution in the connecting chain, and the use of alkenes as enynophiles in the
reactions. From these studies, a number of generalizations can be made concerning the
types of substrates that participate in the cycloaddition reaction. Herein we report our
evaluation of the scope of the reaction for substrates containing a heteroatom in the
connecting chain, demonstrating the wide applicability of this methodology in the
synthesis of substituted aromatic heterocycles. In some cases, comparisons with the
analogous substrates containing an all-carbon tether are discussed.
(1) Enyne Substituent Effects
As illustrated in Table 7, "type II" amide and ester substrates containing
substitution on the internal carbon of the enyne double bond (isopropenylacetylene enyne
units) undergo the thermal cycloaddition in moderate to excellent yields (entries 1-9).
The thermal cycloadditions of substrates bearing no additional substituents on the double
bond of the conjugated enyne (i.e., vinylacetylene derivatives) proceed with similar rates,
but in lower yield compared to isopropenylacetylenes. For example, thermolysis of
amide 278 provided lactam 279 in 24% yield (ca. 80-85% purity by 1H NMR analysis);
the product was contaminated with an uncharacterizable byproduct 154 which could not be
separated (eq 60). The lower yield for the cycloaddition of 278 may be due to the
3 equiv BHT, PhMe
Bn/\ 117-122 OC, 6 h
< 24%
0 278 OMe
(60)
decreased stability of the vinylacetylene toward polymerization or decomposition under
the reaction conditions relative to the isopropenyl derivative 197. Substituents at the
154 This impurity was formed during the synthesis of amide 278 via the DCC coupling reaction between the
corresponding acid and amine. The purity of amide 278 was determined by 1 H NMR using 1,4-
dimethoxybenzene as the internal standard and found to be 94-96% pure.
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terminal carbon of the enyne double bond slightly decrease the rate of the cycloaddition
(Table 7, compare entries 9 and 10). Dr. Alexandra Gould also observed similar trends
for "type II" substrates containing an all-carbon tether. 68
Cycloadditions of "type II" amide substrates with isopropenylacetylene enyne
units do not proceed as cleanly with Lewis and protic acid promotion (Table 8, entries 1-
3) as compared to the same reactions under thermal conditions. Under Lewis and protic
acid conditions, substrates bearing no substituents on the double bond of the conjugated
enyne (i.e., vinylacetylene derivatives) were once again found to undergo the
cycloadditions less efficiently than isopropenylacetylenes. For example, amide 278 was
found to undergo zinc bromide and methanesulfonic acid-promoted cycloadditions to
give lactam 279 in 38% and 12% yields, respectively (ca. 80-85% purity by 1H NMR
analysis); the products were contaminated with an uncharacterizable byproduct which
could not be separated. 154
Gould has observed a similar trend for "type II" substrates containing an all-
carbon tether. 68 As shown in Scheme 23, vinylacetylene 280 was found to undergo the
cycloaddition in the presence of aluminum chloride in lower yield (and also at a slower
rate) as compared to the isopropenyl derivative 131. In addition, ketone 282 bearing an
Scheme 23
1.1 equiv AICI 3
\ R2 CH2CI2 O
280: R1 = R2= H 0 C -+rt, 4 h 281: 56%
131: R1 = Me, R2 = H 0 °C, 30 min 140: 90%
282: R1= Me, R2 = Me 0 OC, 2 h 283: 67%
additional alkyl group on the terminal carbon of the enyne was found to undergo the
aluminum chloride-promoted reaction at a slower rate and in lower yield compared to
ketone 131 (Scheme 23). The reasons for the differences in rates between these three
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substrates are unclear, and the effect of substitution on the enyne double bond is
discussed further in the next chapter.
(2) Enynophile Substituent Effects
We have discovered that alkyl substitution on the terminal carbon of the alkyne
enynophile detrimentally affects the cycloaddition. Comparison of the "type I'I" amide
substrates containing alkyl substituents on the enynophile with substrates containing
unsubstituted enynophiles reveals dramatic differences in the efficiency and in some
cases the rate of the reaction (Table 7). For example, although thermal cycloadditions of
the substituted acetylenes 197, 284, and 285 proceed at 120 TC in 6 h, these reactions
produced more uncharacterizable byproducts compared to the terminal alkyne substrate
207, and the desired cycloadducts were isolated in poor yields (ca. 11-35%).155
Similarly, in the four-atom tether series, cycloaddition of the substituted alkynyl amide
221 was slower than the cycloaddition of the terminal alkynyl amide 222; in addition, the
product lactam 272 was isolated in lower yield (Table 7, compare entries 3 and 7). These
results could be attributed to an unfavorable peri interaction that develops in the
transition state between the alkyl and carbonyl substituents on the enynophile, which
could inhibit the desired cycloaddition and allow undesirable side reactions to compete.
We have been unable to find examples of Diels-Alder cycloadditions of similar amide
substrates containing alkyl substituents on the alkenyl or alkynyl dienophile along with
their unsubstituted analogs for comparison.
Bn BnN,
O 0284 285
155The cycloadducts from the thermal reactions of amides 284 and 285 were contaminated with
uncharacterizable byproducts and could not be purified to >95% purity.
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A similar effect of substitution of the enynophile was also observed in the Lewis
and protic acid-promoted cycloadditions. For example, the cycloaddition of amide 197,
containing a methoxymethylene substituent on the enynophile, in the presence of
methanesulfonic acid provided lactam 270 in 26% yield, whereas the cycloaddition of
207, bearing a terminal alkyne enynophile, proceeded in 56% yield (Table 8, compare
entries 1 and 3). Attempts to promote the cycloaddition of propyl-substituted alkyne 285
with methanesulfonic acid were unsuccessful; disappearance of amide 285 was observed
by TLC analysis of the crude reaction mixture but no cycloadduct was formed.
We were also interested in examining unactivated alkynes as enynophiles in the
cycloaddition reaction. In particular, we were interested in effecting the cycloaddition of
substrates containing an electron-deficient enyne and an unactivated enynophile, such as
amide 250 (Table 7, entry 8). This amide was found to undergo the thermal
cycloaddition at 120 TC in 20.5 h to give lactam 273 in 42% yield. The cycloaddition of
this new system constitutes an "inverse electron demand" reaction, similar to the inverse
electron demand Diels-Alder reaction. The Lewis and protic acid-promoted reactions of
amide 250 are discussed in the next chapter along with their mechanistic implications.
(3) Length of the Connecting Chain - Alkynyl Enynophiles
Another feature we investigated was the effect of varying the length of the
connecting chain in the enyne cycloadditions of substrates containing an alkyne as the
enynophile. "Type II" amide and ester cycloaddition substrates with a three-atom tether
were found to undergo thermal cycloaddition considerably faster than the corresponding
amides and esters with a four-atom tether (Table 7). For example, amides 207, 208, and
197 undergo the cycloaddition at 120 TC in 6 h, whereas amides 222, 223, and 221
required heating at 180 °C for 38-94 h in order to undergo cycloaddition (Table 7, entries
1-5 and 7). A similar trend was observed for ester substrates. Ester 211 undergoes
cycloaddition at 150 TC in 8 h to give phthalide 274 in excellent yield (Table 7, entry 9),
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while the homologous ester 224 required heating at 180 TC for 67 h and furnished lactone
286156 in poor yield (eq 61).
3 equiv BHT, PhMeO
180 °C, 67h (61)(61)
O < 31% 0
028
O 224 O 286
The influence of the length of the connecting chain on the reactivity of amide
substrates has also been observed in intramolecular Diels-Alder reactions of amides. For
example, amide 287 was found to undergo thermal cycloaddition at 110 TC, whereas the
cycloaddition of the homologous amide 289 required heating at 170 oC (eq 62).157 This
effect has been explained based on entropic considerations. 15s Hence, amide substrates
with a three-atom tether are expected to undergo the cycloaddition with greater facility
compared to the homologous substrates with a four-atom tether.
EtO2 C 0\
K0 14n
PhMe, 110 °C287: n = 1 8 hMe,10 trans-288 (56%)8 h
o-dichlorobenzene trans-290 (27%)289: n = 2 170 OC cis-290 (18%)
156Lactone 286 was contaminated with uncharacterizable byproducts and could not be purified to >95%
purity.
157 Cox, M. T. J. Chem. Soc., Chem. Commun. 1975,903.
158 Additionally, incorporation of an amide in the tether reduces the nonbonded interactions in the
developing ring of the connecting chain in the transition state relative to substrates containing only sp 3 -
hybridized carbon atoms in the tether. It has been reported that the Diels-Alder reactions of 1,6,8-
nonatrienes and 1,7,9-decatrienes often proceed at similar temperatures. These results have been attributed
to fewer nonbonded interactions in the developing chair-like transition state for the cycloaddition of 1,7,9-
decatrienes relative to the five-membered ring transition state for the cycloaddition of 1,6,8-nonatrienes,
even though the 1,7,9-decatrienes have to overcome a less favorable entropy factor. Consequently, amide
substrates with a four-atom tether have fewer nonbonded interactions to begin with compared to the
analogous substrates with a three-atom tether, see: (a) Ciganek, E. In Organic Reactions; Dauben, W. G.,
Ed.; John Wiley & Sons: New York, 1984, Vol. 32, p 46. (b) Roush, W. R. In Comprehensive Organic
Synthesis; Trost, B. M.; Fleming, I., Eds.; Pergamon Press: Oxford, 1991, Vol. 5, pp 515-518.
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A more pronounced effect of the length of the connecting chain on the
cycloaddition reaction was observed in the Lewis and protic acid-promoted
cycloadditions of "type II" amide substrates. As shown in Table 8, "type II" amide
substrates with a three-atom tether undergo the methanesulfonic acid and zinc bromide-
promoted cycloadditions in moderate yields (entries 1-3), while substrates with a four-
atom tether such as 222, 223, and 221 did not provide the cycloadducts under Lewis and
protic acid conditions; decomposition and byproduct formation were observed by TLC
and 1H NMR analysis of the crude reaction mixtures. As discussed above, these results
can be attributed to entropy considerations, and for the substrates with four-atoms in the
tether, side reactions are more facile than the desired cycloaddition reactions.
In contrast to their successful thermal reactions, esters 211 and 224 did not furnish
the desired cycloadducts under the Lewis and protic acid conditions; no reaction was
observed for the zinc bromide-promoted reactions, and uncharacterizable byproducts
were formed in the methanesulfonic acid-promoted reactions. Conformational effects
could be responsible for these results. For example, a preference for formation of the
unreactive transoid rotamers may occur upon complexation of the Lewis or protic acid
with the carbonyl moiety of the esters due to dipole repulsions present in the reactive
cisoid rotamers, along with an increased energy barrier for interconversion of the
rotamers. 159 Additionally, complexation of the Lewis or protic acid with the carbonyl
moiety of the esters could alter the conformation of the substrate such that overlap
between the carbonyl 7r system and the ir bond of the enynophile is reduced which,
consequently, increases the LUMO energy. 160
159 For a rationalization of the reactivity of ester substrates in thermal intramolecular Diels-Alder reactions
based on dipolar interactions in the transition state, see: Martin, S. F.; Williamson, S. A.; Gist, R. P.;
Smith, K. M. J. Org. Chem. 1983,48,5170.
160For the effect of overlap requirements in the connecting chain on the Diels-Alder reactions of ester
substrates, see: Boeckman, Jr., R. K.; Demko, D. M. J. Org. Chem. 1982,47, 1789.
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(4) Substitution in the Connecting Chain
Comparison of examples in Table 1 (Chapter 4) with cases in Table 7 indicates
that the thermal cycloadditions of substrates containing a heteroatom in the connecting
chain often proceed faster than the thermal cycloadditions of the corresponding all-carbon
substrates. For example, amide and ester "type II" substrates with a three-atom tether
such as 207, 208, and 211 react at lower temperatures (120-150 'C) in comparison to the
analogous all-carbon ketone substrate (130; 180 'C) (Table 7, entries 1, 2, and 9; Table 1,
entry 6). In contrast, cycloadditions of "type II" amide and ester substrates with a four-
atom tether such as 222, 223, and 224 (180 TC, 38-67 h) are slower than the analogous
all-carbon ketone substrate (131; 180 TC, 8 h) (Table 7, entries 3 and 4; eq 61; Table 1,
entry 7).
The Lewis and protic acid-promoted cycloadditions of "type II" amide substrates
require higher temperatures and proceed in lower yield compared to the cycloadditions of
the corresponding all-carbon substrates (Table 2, Part I, Chapter 4; Table 8). In fact, the
Lewis and protic acid-promoted cycloadditions of the "type II" amide substrates did not
proceed unless the reaction mixtures were heated. As discussed earlier for ester
substrates, complexation of the Lewis or protic acids with the carbonyl of the amide
could alter the conformational preferences of the substrate, and therefore, affect the
entropy of activation. Additionally, this complexation could affect the overlap between
the amide and alkynyl enynophile, thus altering the degree of conjugation. Consequently,
it may be necessary to heat the Lewis and protic acid-promoted reactions of amide
substrates to overcome these conformational effects. Interestingly, to the best of our
knowledge, no examples of Lewis or protic acid-promoted reactions have been reported
for intramolecular Diels-Alder cycloadditions of similar amide and ester substrates.
Our efforts also focused on investigating the effect of substitution on the nitrogen
atom of the amide in the intramolecular cycloaddition reaction. For intramolecular Diels-
Alder reactions,116 a rate-acceleration has been observed for amide substrates containing
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a bulky substituent on the nitrogen atom (eq 63). 116b These results have been rationalized
according to a population argument wherein increasing the size of the substituent on the
nitrogen atom of the amide increases the population of the reactive cisoid amide
conformer, thereby facilitating the reaction. We wondered whether a similar rate effect
might occur for the intramolecular enyne cycloaddition of "type II" amide substrates
which could then allow the cycloadditions to proceed at lower temperature, and perhaps
with increased efficiency. Consequently, we chose to examine the cycloadditions of both
the benzyl and (±)-oc-methylbenzyl substituted amide substrates. We found, however,
that increasing the steric bulk of the substituent on the nitrogen atom of the amide
substrates does not significantly affect either the rate or efficiency of the thermal and
protic acid-promoted enyne cycloaddition reactions (Table 7, entries 1 vs. 2, 3 vs. 4, and
5 vs. 6; Table 8, entries 1 vs. 2).
PhMe
25-110 °C ON
Ph
(63)
Ph
GI180so1a
R= Me AG = 28.7 ± 0.5 kcaVmol
0Ph R = Et AG = 27.9 ± 1.0 kcal/mol
R = i-Pr AG* = 26.7 ± 0.7 kcal/mol
RPh
Transold R = t-Bu AG* = 25.3 ± 0.2 kcal/mol
Another feature of the reaction that we examined was electronic effects in the
thermal cycloadditions of substrates containing a heteroatom in the connecting chain. As
discussed above, both amine and amide substrates effectively participate in the thermal
cycloadditions. As shown in Scheme 24, amide substrates with either an activated
enynophile (207) or enyne (250) undergo thermal cycloaddition at lower temperature
compared to the corresponding amine substrates (196). One explanation for the observed
temperature differences is that the conjugation between the amide moiety and either the
enynophile or enyne in substrates 207 and 250 lowers the energy of the LUMO and,
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consequently, facilitates the cycloadditions compared to amine 196. Additionally,
incorporation of the amide substituent in the connecting chain makes the connecting
chain more rigid due to the double-bond character of the amide bond, thus decreasing the
entropy of activation, and facilitating the cycloaddition. Torsional strain and nonbonded
interactions are also reduced for substrates containing an amide substituent in the
connecting chain.
Scheme 24
iN/ - 3 equiv BHT, PhMe, 180 oC, 19 h, BnN
Bn B64%
196 265
BnN/ - 3 equiv BHT, PhMe, 120 0C, 6 hBnNBnN 1 BnN94%
0 207 0 266
S3 equiv BHT, PhMe, 120 0C, 20.5 h
BnN 42% Bn
__ 42%
250 273
(5) Alkenes as Enynophiles
As discussed earlier, we envisioned utilizing "type II" amide substrates with
alkenyl enynophiles for the study of stereochemical aspects of the intramolecular enyne
cycloaddition. Our interest in examining these systems was based on the ease of
preparation of these substrates as compared to the analogous all-carbon substrates.
Additionally, the dihydroaromatic lactam products would be excellent systems for further
synthetic elaboration, and hence, could find applications in organic synthesis. Our initial
efforts focused on examining the cycloadditions of amide substrates containing an
unsubstituted alkene enynophile.
Unfortunately, results from the thermal cycloadditions of "type II" amide
substrates containing an alkene as the enynophile were less than impressive. For
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example, thermolysis of amides 225 and 226 at 180 TC for 19-29 h provided some of the
desired dihydroaromatic lactams (277 and 276), but these reactions were complicated by
the formation of appreciable amounts of the aromatic lactams (269 and 268) and
uncharacterizable byproducts (eq 64). Similarly, heating amide 210 at 180 TC for 7 h
afforded dihyroaromatic lactam 291 in < 11% yield and the product was contaminated
with uncharacterizable byproducts (eq 65).
- 3 equiv BHT
PhMeu18OC 0 + (64)
RN RN RN
0 0 0O O O
225: R = (±)-1-phenylethyl 19 h 277 269
226: R = benzyl 29 h 276 268
3 equiv BHTI, PhMe
BN 180 °C, 7 hBn >
<11%
O 210
(65)
As shown in Table 8, the "type II" amide substrates containing an alkene as the
enynophile (225 and 226) were found to undergo the protic acid-promoted
cycloadditions, albeit in low yield (entries 4 and 5). The cycloadducts 276 and 277
exhibit olefinic proton resonances at 5.62 and 5.60 ppm, respectively, in their 1H NMR
spectra. The methanesulfonic acid-promoted reaction of amide 225 also provided an
enone byproduct (the "Meyer-Schuster product" 292) in 16% yield along with the
expected dihydroaromatic lactam 276 in 23% yield. The mechanistic implications of the
0 292
formation of this byproduct will be discussed in Chapter 3. The disappointing yields
observed in the cycloadditions of the amide substrates containing an unsubstituted alkene
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enynophile forced us to abort our plan to use these systems to study the stereochemistry
of the enyne cycloaddition.
Interestingly, substrate 210 (eq 65) with an alkenyl enynophile did not react when
heated at 70 'C in the presence of methanesulfonic acid. This is in contrast to the results
obtained from the Lewis and protic acid-promoted cycloadditions of the corresponding
substrates with an alkynyl amide as the enynophile. Specifically, substrates such as 207
with a three-atom tether undergo the cycloaddition in the presence of methanesulfonic
acid in moderate yield (Table 8, entries 1 and 2), although it should be noted that related
alkynyl substrates with four-atom tethers did not provide any of the cycloadducts under
these conditions (vide supra).
Enyne Cycloadditions with Ynamine Substrates
A large number of biologically interesting natural products contain the carbazole
moiety. 161 The intramolecular enyne cycloaddition methodology could provide
synthetically useful routes to this important structural motif. Hence, we explored the
possibility of utilizing the intramolecular enyne cycloaddition reaction for the synthesis
of carbazoles. We envisioned that carbazoles (293) could be synthesized from an
intramolecular [4+2] enyne cycloaddition involving an ynamine as the enynophile (294),
as illustrated below.
I I
293 294
161For a review on carbazole alkaloids, see: Chakraborty, D. P.; Roy, S. In Fortschritte der Chemie
Organischer Naturstoffe; Herz, W.; Kirby, G. W.; Steglich, W.; Tamm, Ch., Eds.; Springer-Verlag: New
York, 1991; Vol. 57, pp 71-152 and references cited therein.
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A survey of the literature on the chemistry of ynamines revealed that these
compounds readily participate as 27c components in a variety of cycloaddition reactions.
For instance, ynamines undergo [2+2] cycloadditions with electrophilic alkenes, [4+2]
cycloadditions with both electron-deficient dienes (inverse-electron demand) and certain
heterodienes, and [3+2] cycloadditions with electrophilic 1,3-dipoles. 130a The mode of
cycloaddition of ynamines with electron-deficient dienes has been reported to be strongly
dependent on the diene conformation. For example, flexible acyclic dienes provide a
mixture of [4+2] and [2+2] cycloaddition products, whereas cyclic (cisoid) dienes
exclusively provide the [4+2] cycloaddition products. The precedence in the literature for
[4+2] cycloaddition reactions of ynamines reinforced our interest to pursue the synthesis
of carbazoles via the intramolecular cycloaddition of conjugated enyne-ynamine
substrates.
Our initial efforts focused on the feasibility of constructing the ynamine moiety of
the enyne-ynamine substrates via a conjugate addition-elimination reaction. Chapter 1
describes the successful syntheses of the enyne-ynamine substrates in good yield utilizing
the conjugate addition-elimination reaction for the synthesis of the ynamine moieties
(Part II). The results of the thermal cycloadditions of the enyne-ynamine substrates are
shown in Scheme 25.
Scheme 25
3 equiv BHT 3 equiv NaOMe
PhMe, 120 OC, 2 h MeOH, THF, rt, 35 min
CN - COMleN 33% for 2 steps I COsMe
Co2Me H
247 295
3 equiv BHT
PhMe, 120 °C, 3 h
N - co 2Me 33% D I,7
I I co2MCO2t-Bu CO%2 U
249 296
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As illustrated in Scheme 25, thermolysis of ynamine 247 in degassed toluene
(0.05 M) at 120 'C for 2 h in a sealed tube furnished the desired carbazole product
contaminated with uncharacterizable byproducts. TLC analysis of this mixture revealed
that the contaminants co-spotted with the carbazole; however, we hoped that deprotecting
the carbazole would enable us to isolate the unprotected carbazole (295) in >95% purity.
Consequently, the crude reaction product was partially purified by column
chromatography, and the resulting impure carbazole was treated with sodium methoxide
in methanol to furnish, after purification by column chromatography, the unprotected
carbazole 295 as a light yellow solid (mp 154-155 'C) in 33% overall yield. The 1H
NMR spectrum of carbazole 295 exhibits the characteristic carbazole amine proton
resonance at 9.73 ppm, and the 13C NMR spectrum displays the expected 12 carbon-
carbon double bond resonances.
In addition to ynamine 247, we also examined the thermal cycloaddition of the t-
Boc-protected ynamine substrate 249 (Scheme 25). Thermolysis of 249 in degassed
toluene (0.05 M) at 120 TC for 3 h in a sealed tube provided carbazole 296 as a yellow
solid after purification by column chromatography. This material was also contaminated
with uncharacterizable byproducts; however, recrystallization from hexane furnished
analytically pure 296 as a white solid (mp 132-133 'C) in 33% yield.
The cycloadditions of these ynamine substrates in the presence of Lewis and
protic acids were unsuccessful. For example, reaction of ynamine 247 in the presence of
zinc bromide and BHT did not produce carbazole 297; TLC analysis of the crude reaction
mixture showed the presence of unreacted 247 and several byproducts (eq 66). The
10.1 equiv ZnBr2, 2 equiv BHTCH2CI2 (0.05 M)
rt, 14 h; reflux, 22.5 h (66)OR o (
r*- come
I CM2.6 equiv MsOH I CO2MCO2Me CH2CI2 (0.025 M) CO 2Me
247 0 °C-+rt, 14.5 h 297
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protic acid-promoted reaction of ynamine 247 also did not provide the desired product.
For example, reaction of ynamine 247 in the presence of methanesulfonic acid produced
an unidentified byproduct that contains the enyne moiety as determined by 1H NMR
analysis (eq 66). In addition, ynamine 249 was treated with Me2AlCl and after 22 h at
room temperature, no carbazole product (296) had formed; TLC analysis of the crude
mixture showed the presence of ynamine 249 and some byproducts (eq 67).
1.1 equiv Me 2AiCI1,2-dichloroethane (0.05 M)
0 OC, 30 min; rt, 22 h / (67)I //* / 1/ (67)S N CO2Me N
I I CO2M
Co02t-Bu C02tB
249 296
The results of the protic and Lewis acid-promoted reactions are not surprising
based on the high reactivity of ynamines.130a For example, it has been demonstrated that
electrophiles such as protic acids (HA) add to the ynamine to provide a ketone-
immonium salt intermediate (298) (Scheme 26). This intermediate can then undergo
either nucleophilic attack by the conjugate base (A-) to afford nucleophilic enamine 299,
or undergo nucleophilic attack by another ynamine molecule to give cyclobutene
Scheme 26
R2N + HA - - R2-C R
A- A
298 299
R2oN ---
R + H
3 NR 2
intermediate 300 or polymers. It has been reported, however, that the reactivity of the
ynamine towards electrophiles is greatly affected by its substitution. For example,
ynamines containing phenyl or trifluoromethyl groups on the nitrogen react only with
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very powerful electrophiles. In addition, having an ester or silyl group on the acetylenic
carbon of the ynamine also stabilizes the ynamine towards attack by electrophiles. In
contrast, the most reactive ynamines have alkyl substituents on both the nitrogen atom
and the acetylenic carbon of the ynamine.
Based on the reported substitution effects of the ynamine on its reactivity, the
substitution on the ynamine moiety of enyne-ynamines 247 and 249 should decrease the
nucleophilicity of the ynamine, and consequently, suppress attack by electrophiles.
However, in the methanesulfonic acid-promoted cycloaddition of ynamine 247, no
desired cycloaddition product (297) was observed but, instead, the reaction provided a
byproduct containing the enyne moiety (eq 66). Methanesulfonic acid is a very strong
protic acid, and perhaps the observed side reaction under the methanesulfonic acid
conditions involves addition of methanesulfonic acid to the ynamine moiety of 247.
Based on the known reactivity properties of ynamines with electrophiles and the
poor yields of the desired carbazole products obtained in the thermal cycloadditions of
ynamines 247 and 249, we reexamined the thermal cycloaddition of ynamine 249 in the
absence of BHT, which can function as a weak protic acid. 162 Thus, ynamine 249 was
heated in toluene at reflux for 2 h, and TLC analysis of the crude mixture showed
consumption of the substrate and formation of a complex mixture of products whichldid
not include the carbazole product (296) (eq 68). Hence, it appears that BHT is a
necessary additive for the thermal cycloadditions of enyne-ynamine substrates to help
prevent undesirable side reactions.
PhMe (0.05 M)
reflux, 2 h /h.(68)
N- co2MeN. N= CO2W I I C02Me
CO24Bu CO2t-Bu
249 296
162The exact role of BHT in the thermal cycloadditions is not clear and will be addressed in Chapter 3.
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Thermal cycloadditions of enyne-ynamine substrates with different substituents
on the ynamine and enyne moieties were also examined in an effort to increase the
efficiency of these reactions. For example, we investigated the thermal cycloaddition of
an enyne-ynamine substrate bearing a stronger electron withdrawing group on the
nitrogen atom of the ynamine moiety, such as a tosyl substituent. We postulated that the
tosyl substituent on the nitrogen atom of the ynamine would suppress electrophilic attack
on the ynamine and subsequent formation of a ketone-immonium salt intermediate (298),
resulting in an increase in the yield of the carbazole product from the thermal
cycloaddition of this substrate. Hence, ynamine 248 was heated in toluene at 115 'C in
the presence of 3 equiv of BHT but, unfortunately, a complex mixture of products was
obtained as determined from TLC and 1H NMR analysis of the crude mixture. In
addition to ynamine 248, an enyne-ynamine substrate containing an electron-deficient
enyne moiety such as 301 was also examined. Thermolysis of ynamine 301 in toluene
and in the presence of 3 equiv of BHT at 80 'C and 110 'C did not provide any of the
desired carbazole product; TLC and 1H NMR analysis of the crude reactions mixtures
indicated that the substrate was consumed and a complex mixture of products had
formed.
1--* CO2Me
NCO 2Me N CO02Me
I I
Ta CO2M
248 301
Summary
In general, our systematic investigation of the intramolecular [4+2] cycloaddition
of conjugated enynes has revealed that the scope is quite broad. This chapter has
demonstrated the synthetic utility of the intramolecular enyne cycloaddition for the
synthesis of substituted polycyclic aromatic and dihydroaromatic heterocycles.
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Furthermore, we have demonstrated the potential for utilizing this methodology in natural
product synthesis. A number of conclusions have been offered concerning our
examination of various features of the enyne cycloaddition. In addition, we have
observed that, indeed, incorporation of a heteroatom such as nitrogen or oxygen in the
connecting chain affects the efficacy of the cycloaddition. These results have been
rationalized based on inductive and conformational effects, as well as nonbonded
interactions and torsional strain. The results from our systematic examination of the
scope of the enyne cycloadditions of substrates containing a heteroatom in the connecting
chain are summarized in Table 9 in terms of the synthetic efficiency of these reactions.
The following chapter will disclose our mechanistic and stereochemical studies.
Table 9. Synthetic Efficiency of Enyne Cycloadditions
as a Function of Reaction Conditions 1
Type of Substrate Thermal Reaction Lewis Acid Protic AcidReaction Reaction
Amines: 3-atom tether;
unactivated enyne and enynophile Good Not determined Not determined
Sulfonamides: 3-atom tether Low Moderate Good
Amides: 3-atom tether; Low (contaminated
terminal alkyne enynophile High with byproducts) Moderate
Amides: 4-atom tether; Byproduct Byproduct
terminal alkyne enynophile Good formation 2  formation
Amides: 3-atom tether; alkyl-
substituted alkynyl enynophile Low Moderate Low
Amides: 4-atom tether; alkyl- Moderate Byproduct Byproduct
substituted alkyne enynophile formation formation
Amides: 3-atom tether; Byproduct Slow
electron-deficient enyne Moderate formation reaction
Amides: 3-atom tether; Low (contaminated Not determined Not determined
alkene enynophile with byproducts)
Amldes: 4-atom tether; Low (contaminated
alkene enynophile with aromatic product) Not determined Low
Esters: 3-atom tether; Very slow Byproduct
terminal alkyne enynophile Good to High reaction formation
Esters: 4-atom tether; Low (contaminated No reaction Byproduct
terminal alkyne enynophile with byproducts) No reaction formation
Enyne-Ynamines Low Byproduct Byproduct
formation formation
SLow: 5-35% yield; Moderate: 35-65% yield; Good: 65-80% yield; High: 80-100% yield.
SByproduct formation signifies that the desired cycloadduct was not produced.
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Chapter 3
Mechanistic and Stereochemical Studies on the
Intramolecular Enyne Cycloaddition:
Results and Discussion
Introduction
The intramolecular enyne cycloaddition has been shown to be a powerful method
for the construction of polycyclic compounds, and consequently, much effort has focused
on investigating the mechanism of the reaction. A survey of the literature reveals various
mechanistic proposals for the intermolecular and intramolecular enyne cycloaddition
reaction. One of the goals of my thesis research has been to study the mechanism of the
intramolecular enyne cycloaddition, and to devise mechanistic experiments that would
provide evidence in support of (or against) various possible intermediates involved in the
transformation. The first part of this chapter will outline a number of possible
mechanistic pathways for the intramolecular enyne cycloaddition followed by an
evaluation of the likelihood of each pathway, including results from previous studies on
the mechanism of the enyne cycloaddition. The results from our key mechanistic and
stereochemical experiments will then be disclosed along with the mechanistic
implications.
Mechanistic Alternatives
A variety of mechanistic pathways have been proposed for the transformation of a
conjugated enyne to an aromatic cycloaddition product. The formation of an aromatic
product from the combination of an enyne with an acetylene involves two distinct steps:
a cycloaddition to give a high energy intermediate, and then an isomerization of the high
energy intermediate to furnish the aromatic product. Scheme 27 presents a summary of
what we regard as the most important possible mechanisms for the enyne cycloaddition.
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As illustrated in Scheme 27, the four basic mechanistic pathways for the
intramolecular enyne cycloaddition are: (1) formation of a halodiene intermediate 302
followed by a concerted [4+2] cycloaddition; (2) formation of a dienyl cation
intermediate 158 followed by a charge-accelerated [4+2] cycloaddition; (3) a concerted
[4+2] cycloaddition of enyne 155 to provide a cyclic allene intermediate 156; and (4)
cyclization of enyne 155 to directly furnish a biradical intermediate 157. Scheme 27 also
presents various isomerization steps for the formation of aromatic product from the high
energy intermediates that might be produced in the cycloaddition reactions.
As shown in Scheme 28, another possible mechanism involves an isomerization
of enyne 155 to furnish a vinylallene intermediate 304 that then undergoes cycloaddition
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and isomerization to provide 161. The formation of the vinylallene could proceed via a
dienyl cation intermediate.
Scheme 28
=ofoncene X[4+2]
X cycloaddion x Isomerization
0 304 305
Alternative to these cycloaddition pathways, several stepwise mechanisms can
also be proposed for the intramolecular reaction of a conjugated enyne with an alkyne to
provide an aromatic product. Scheme 29 outlines some possible stepwise mechanisms
for the intramolecular reaction of the "type II" substrates 306. One possibility involves
formation of a large ring system 307 via electrophilic attack of the ynone on the enyne
moiety, followed by ring closure to generate various high energy intermediates such as
cyclic allene 308.
Scheme 29
SH -- 1sometization
0 308
HI
+H#, 4H+
0 312
For "type I" substrates such as 314, a similar mechanism can also be proposed, as
shown in Scheme 30. This mechanism also involves a type of Michael addition of the
conjugated enyne to the electron-deficient alkyne moiety of the enynophile to give a
zwitterionic intermediate 315. One plausible pathway from this high energy zwitterionic
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intermediate to the aromatic product involves formation of another high energy
intermediate, cyclic allene 316, and then isomerization to the aromatic product 317.
Scheme 30
x(3: r Isomerization _
316 W
The following sections describe in detail the four proposed cycloaddition
pathways and stepwise mechanisms for the transformation of a conjugated enyne
substrate to an aromatic product. Each discussion includes reference to previous studies
on intermolecular and intramolecular enyne cycloadditions as well as an analysis of the
evidence for and against each pathway. This section is followed by a presentation of the
mechanistic data we have collected on the reaction.
(1) Evaluation of the Cyclic Allene/Biradical Pathway
One of the pathways proposed for the enyne cycloaddition reaction involves a
concerted [4+2] cycloaddition of the enyne 155 to furnish a high energy cyclic allene
intermediate 156 which can then isomerize to provide the aromatic product 161 (Scheme
31). Various pathways can be envisioned for the isomerization of the cyclic allene
intermediate to the aromatic product depending on reaction conditions (Scheme 31).
Under certain conditions, isomerization might involve protonation of cyclic allene 156 or
addition of an electrophile to give cyclohexadienyl cation 159, which can subsequently
lose a proton to furnish the aromatic product 161. Another conceivable isomerization
pathway involves an intramolecular [1,5] sigmatropic shift to give the aromatic product
161 directly, although geometric constraints may make this rearrangement difficult. The
next two isomerization pathways are based on the literature of cyclic allenes.
Calculations on 1,2,4-cyclohexatriene predict the energy barrier for racemization, which
occurs through the singlet diradical, to be only 2 kcallmole (Part I, Chapter 1),26 which
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suggests that cyclic allene 156 and biradical 157 might be in equilibrium under the
conditions of the cycloaddition. As illustrated in Scheme 31, both the cyclic allene
intermediate 156 and the biradical intermediate 157 can abstract a hydrogen atom from a
suitable donor to give the cyclohexadienyl radical intermediate 160 which can then lose a
hydrogen atom to provide the aromatic product 161.
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A
ele
Concerted
[4+2]
cycloaddition /- [1,5] Sigmatropic rearrangement
H
I'H
156
AI
U -HZ
H-Z
Hydrogen atom
transfer
ID
fl-Elimination
As discussed in Part I, to the best of our knowledge, Dykstra was the first person
to propose a cyclic allene intermediate in an enyne cycloaddition. To account for his
serendipitous discovery of the formation of styrene from the thermolysis of
vinylacetylene in the presence of acids, Dykstra proposed the intermediacy of cyclic
allene 75 (Part I, Chapter 3).53 No mechanistic evidence, however, was offered to
support this proposal.
[75
75
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Butz and co-workers also proposed the intermediacy of a cyclic allene for the
intermolecular double cycloaddition of dienynes with both alkynes and alkenes as
enynophiles (Part I, Chapter 3).56-58 For example, they proposed the intermediacy of
cyclic allene 102 in the double cycloaddition of maleic anhydride and dienyne 94
(Scheme 32). However, these researchers did not perform any mechanistic experiments
to further support this proposal. In addition, Butz and co-workers proposed a second
mechanism to account for the reaction involving the intermediacy of zwitterion 101 via a
stepwise mechanism; however, no mechanistic evidence was offered to support this
intermediate.
Scheme 32
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Before we began our exploration of the scope and mechanism of the
intramolecular enyne cycloaddition, no mechanistic evidence in support of a cyclic allene
intermediate in the enyne cycloaddition reaction existed in the literature. Cyclic allenes,
however, have been studied for many years and experiments involving the trapping of
cyclic allenes similar to cyclic allene 156 have been published (Part I, Chapter 1).
Another plausible mechanism for the enyne cycloaddition involves direct
cyclization to furnish the biradical intermediate 157 (Scheme 33). Biradical intermediate
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157 can then abstract a hydrogen atom from a suitable donor to give the cyclohexadienyl
radical intermediate 160 which can subsequently lose a hydrogen atom to provide the
aromatic product 161. As discussed above, biradical intermediate 157 and cyclic allene
intermediate 156 may exist in equilibrium, and consequently, the isomerization pathway
from biradical intermediate 157 to aromatic product 161 could involve the intermediacy
of cyclic allene 156.
Scheme 33
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Our group was the first to propose the direct cyclization of enyne 155 to the
biradical intermediate 157 as a possible pathway for the formation of aromatic product
161.67 As discussed in Part I, Chapter 1, our design for the enyne cycloaddition was
inspired by the cycloaromatization reactions of enediynes and allenynes. These reactions
are known to proceed via an electrocyclization reaction to furnish biradical intermediates.
Consequently, the intramolecular reaction of enyne 155 could proceed via a radical
cyclization reaction similar to an electrocyclization reaction to give the biradical
intermediate 157 which can then isomerize to the aromatic product 161.
(2) Evaluation of the Vinylallene Cycloaddition Pathway
One plausible pathway for the enyne cycloaddition reaction involves the
intermediacy of a vinylallene, as shown in Scheme 28. Under acidic conditions, the
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alkyne moiety of the conjugated enyne system of 155 might isomerize to a vinylallene
intermediate (304) which could then undergo a concerted [4+2] cycloaddition and
isomerization to ultimately furnish the aromatic product 161. Intramolecular
cycloadditions of vinylallenes are known 163 and have been used to construct systems
similar to those produced in the enyne cycloaddition. 164l The vinylallenes in these
reactions were derived from a base-catalyzed isomerization of the enyne. In our
reactions, however, no base is present; consequently, formation of a vinylallene must
occur via an acid-catalyzed isomerization of the alkyne perhaps involving the
intermediacy of a dienyl cation. Although Carr and co-workers have found that allenes
react quickly under acidic conditions to furnish alkynes while the reverse reaction is
slower, 165 the [4+2] cycloaddition of the vinylallene could be facile, thus, driving the
equilibrium. However, we have found that the enyne cycloaddition proceeds with
substrates incapable of isomerization to a vinylallene such as substrates containing an aryl
group as part of the connecting chain and substrates with a carbonyl group a to the
acetylene (e.g., 250). In addition, Nazarov 65 and Hoffmann 82 have prepared substrates
containing gem dimethyl substituents a to the alkyne moiety of the enyne, and found that
these substrates also undergo the cycloaddition. Consequently, we will not consider the
vinylallene mechanism further although we cannot absolutely rule out the possibility that
it is involved in the some but not all cases of the intramolecular enyne cycloaddition.
(3) Evaluation of the Stepwise Pathways
The stepwise mechanisms we have proposed in Schemes 29 and 30 have their
roots in the literature on the intermolecular enyne cycloaddition. For example, Butz and
co-workers 56 proposed two stepwise mechanisms to account for the formation of the
bicyclic anhydride 90 from the reaction of maleic anhydride with a conjugated enyne 87,
163 For some examples, see: (a) Keck, G. E.; Kachensky, D. F. J. Org. Chem. 1986, 51, 2487. (b) Snider,
B. B.; Burbaum B. W. J. Org. Chem. 1983,48,4370.
164(a) Iwai, I.; Hiraoka, T. Chem. Pharm. Bull. 1963, 11, 1564. (b) Iwai, I.; Ide, J. Chem. Pharm. Bull.
1964, 12, 1094.
165 Barry, B. J.; Beale, W. J.; Carr, M. D.; Hei, S.-K.; Reid, I. J. J. Chem. Soc., Chem. Commun. 1973,177.
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a reaction first studied by Dane et al. (Part I, Chapter 3).54 The stepwise mechanisms
proposed by Butz were previously discussed in Part I, Chapter 3 and are shown again in
Schemes 34 and 35. Each pathway addresses both the bond formation and isomerization
steps for the reaction. No evidence was developed by Butz to support these mechanisms.
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Similar stepwise mechanisms can be envisioned for the intramolecular reaction of
a conjugated enyne with an alkyne (Schemes 29 and 30). Evaluation of these stepwise
mechanisms reveals several problems. For example, formation of a large ring system
such as 10-membered ring intermediate 307 is expected to be unfavorable due to a high
degree of ring strain. Hence, if a stepwise mechanism was involved for the
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intramolecular reaction of a conjugated enyne with an alkyne, then the "type I"
cycloaddition would be expected to be much more favorable than the "type II"
cycloaddition, which is not what we observe. In addition, for both "type I" and "type II"
substrates, the proposed stepwise mechanisms also involve formation of high energy
intermediates such as a zwitterionic intermediate (e.g., 307), a cyclic allene intermediate
(e.g., 308, 316), or other strained ring systems. Consequently, we consider it unlikely
that one of these stepwise mechanisms would be more energetically favorable than the
concerted mechanisms we suggest in Scheme 27.
(4) Evaluation of the Charge-Accelerated Cationic Cycloaddition Pathway
Another possible pathway for the enyne cycloaddition involves the intermediacy
of a dienyl cation. In the presence of a proton source, the alkyne moiety of the
conjugated enyne system of 155 might be reversibly protonated to furnish a dienyl cation
intermediate (158) which could then undergo a charge-accelerated [4+2] cycloaddition to
furnish cyclohexadienyl cation intermediate 159. This intermediate would then be
expected to lose a proton to provide the aromatic product 161 (Scheme 36).
Scheme 36
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As discussed in Part I, to the best of our knowledge, Nazarov and co-workers
were the first to propose the involvement of a dienyl cation in the cycloaddition of a
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conjugated enyne. These researchers observed that the dimerization of various
propargylic alcohols occurs upon heating under acidic conditions. 65 Thus, Nazarov
proposed that isocoumaran 119 is produced via an intramolecular [4+2] cycloaddition of
dienyl cation intermediate 117 which is proposed to form by protonation of the acetylene
moiety of the enyne under the acidic reaction conditions (eq 69). Unfortunately, these
researchers did not disclose any mechanistic evidence in support of the dienyl cation
intermediate in the cycloaddition reaction. In addition, it should be noted that the
proposed protonation of the alkyne to give dienyl cation 117 is not the
thermodynamically favored site of protonation for a conjugated enyne (vide infra).
H+,PhHi,A
2 equiv H, PhH , A
/ OH
115
Via:
H
117
(69)
Whitlock and co-workers proposed a mechanism very similar to that of Nazarov
et al. to account for the cycloaddition of arenynes in the Michael-Bucher reaction
(Scheme 37).52 The Whitlock mechanism involves simultaneous protonation of
anhydride 72 and ring formation to provide the cyclohexadienyl cation intermediate 73,
which subsequently loses a proton to furnish the phenylnaphthalene product 50.
Scheme 37
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Whitlock et al. performed deuterium labelling experiments that they argue support this
mechanistic proposal (Part I, Chapter 2). As disclosed in Part I, Chapter 2, a number of
problems exist with this mechanism, including for example: (1) the deuterium labelling
experiment does not rule out other mechanisms such as those proceeding via protonation
of a cyclic allene intermediate; and (2) the Michael-Bucher reaction has been
successfully carried out under acid-free (DCC) conditions,42,43 and in the presence of an
acid scavenger (P4-VP).46
During the course of our studies, further examples of Lewis and protic acid-
promoted enyne cycloadditions were reported. In particular, Hoffmann and co-workers
examined the cycloaddition of acetal 166 in the presence of zinc chloride and proposed a
concerted [4+2] cycloaddition of dienyl cation intermediate 167 to account for the
formation of tricyclic products 169 and 170 (Scheme 38).82 As discussed in Part I,
Chapter 4, these researchers proposed that dienyl cation 167 is stabilized through the lone
pairs of the allylic oxygen atom, and found support for this proposal in the fact that the
acetal derived from the corresponding homopropargylic alcohol did not react.
Scheme 38
O0
O0 
C 
H22 +
166 170 169
Via:
/
H 0167H 167
Hoffmann et al. obtained mechanistic evidence against protonation at the olefinic
terminus of the enyne system to generate a propargyl cation intermediate. Specifically,
they found that cycloaddition of the deuterium labelled propargyl alcohol 318 produced
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tricyclic product 320 with no observed loss of deuterium or deuterium scrambling (eq
70). In addition, Hoffmann et al. found that the cycloaddition of enyne 321 proceeded in
the presence of deuterated trifluoroacetic acid at 0 'C to furnish the deuterated, tricyclic
product 322 with no evidence of incorporation of deuterium at the starred carbons (eq
71). Although these results discount a propargyl cation intermediate, they are consistent
with the intermediacy of a dienyl cation 167 (Scheme 38) as well as a cyclic allene
(Scheme 27) in the cycloaddition reaction.
D F
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Although Nazarov and Hoffmann have independently proposed the intermediacy
of a dienyl cation in the intramolecular cycloadditions of conjugated enynes (and
Whitlock has proposed a similar mechanism for arenynes), it is well known that
protonation of conjugated enynes (323) occurs predominantly at the acetylenic terminus
H (72)
323 324
of the enyne (eq 72). 166,167 For example, addition of HBr to 4-methyl-3-penten-1-yne
(325) provides 2-bromo-4-methyl-l,3-pentadiene (326) in 69% yield (eq 73).168 The
166For a review on vinylacetylenes, see: Petrov, A. A. Russ. Chem. Rev. 1960, 29, 489.
167Reviews on vinyl cations include information about dienyl cations, see: (a) Stang, P. J.; Rappoport, Z.;
Hanack, M.; Subramanian, L. R. Vinyl Cations; Academic: New York, 1979; pp 216-222 and references
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most stable geometry of dienyl cation 324 is predicted to be as indicated with a it bond
orthogonal to an allylic carbocation (eq 72).169,170
H
M2e
Mae
325
63% aq HBr
-10 to -5 oC
then rt, 3 h
69% (73)
H Me
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The Rupe rearrangement, involving the acid-catalyzed rearrangement of a tertiary
propargylic alcohol to an a,3-unsaturated ketone, has also been proposed to proceed via a
dienyl cation intermediate. 171 For instance, in the presence of protic acids, alcohol 327
ionizes to give the propargyl cation 328, which then loses a proton to afford enyne 329
(Scheme 39). Protonation of the alkyne moiety of enyne 329 furnishes the allylic cation
330, which is then trapped with water to ultimately provide the methyl ketone 332.
Scheme 39
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cited therein. (b) Richey, Jr., H. G.; Richey, J. M. In Carbonium Ions; Olah, G. A.; von R. Schleyer, P.,
Eds.; John Wiley & Sons: New York, 1970; Vol. 2, pp 947-949. (c) Hanack, M. Acc. Chem. Res. 1970,3,
209.
168 Grob, C. A.; Spaar, R. Hely. Chim. Acta 1970, 53, 2119.
169Stang, P. J.; Rappoport, Z.; Hanack, M.; Subramanian, L. R. Vinyl Cations; Academic: New York,
1979; pp 15.
170Results from mechanistic studies on the solvolysis of 2-bromo-1,3-dienes support the intermediacy of a
dienyl cation such as 322, see: (a) Grob, C. A.; Spaar, R. Tetrahedron Lett. 1969, 1439. (b) Grob, C. A.;
Pfaendler, H. R. Hely. Chim. Acta 1970, 53, 2130.
171For a review on the Rupe and Meyer-Schuster rearrangements, see: Swaminathan, S.; Narayanan, K. V.
Chem. Rev. 1971, 71, 429.
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Based on the literature presented above on the chemistry of enynes, the Nazarov
mechanism for the acid-promoted enyne cycloaddition would appear to require
protonation at the thermodynamically less favored site of the enyne. It is conceivable that
protonation of the enyne is reversible, and therefore, a Curtin-Hammett situation exists in
which the cycloaddition of the less thermodynamically stable dienyl cation 158 occurs
faster than alternative reactions possible for the thermodynamically favored allylic-type
carbocation (Scheme 40). The intramolecular cycloaddition of the high energy dienyl
cation 158 produces a relatively stable pentadienyl cation 159; consequently, the
activation energy for the cycloaddition should decrease due to the developing
delocalization of charge in the transition state. On the other hand, cycloaddition of allylic
cation 333 to produce vinyl cation 334 involves decreased delocalization of charge in the
Scheme 40
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transition state. It can be concluded that under acidic conditions, the enyne can be
reversibly protonated to afford both dienyl cations 158 and 333, but only dienyl cation
158 undergoes a rapid cycloaddition, generating the cyclohexadienyl cation 159 and then
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the aromatic product 161. The "charge acceleration" effect for the cycloaddition
proceeding via intermediate 158 is similar to the charge accelerating effects reported for
other pericyclic reactions. 172
The cycloaddition of a dienyl cation falls into a general class of cycloadditions
referred to by R. R. Schmidt as "polar cycloadditions". A survey of the literature on polar
[4+2] cycloadditions reveals that the reactions of dienyl cations containing an all-carbon
diene moiety are not known, but polar cycloadditions of heterodienes have been
reported. 173 For example, Schmidt et al. have found that the reaction of phenylacetylene
with benzoyl chloride in the presence of stannic chloride provides the pyrylium salt 338
in 73% yield (eq 74).174 These researchers propose that electrophilic attack on the
acetylene by an acylium ion provides the cationic species 337, which then undergoes a
[4+2] cycloaddition (or stepwise reaction) with another molecule of phenylacetylene to
furnish the pyrylium ion 338. Noteworthy in this transformation is the fact that the
Ph
SnCls-" Ph
4Ph + 2 
-5 
2 SnCls 2 " (74)
0 SnCI4  [+SnO 5 ~PhPP4 Ph + P Cl 73%
PPh 0 Ph 7Ph
Ph +
335 336 . 337 338
reaction proceeds at or below room temperature in the presence of a Lewis acid. Schmidt
et al. also found that 0-chloro enones and even 0-chloro ketones react with acetylenes to
give pyrylium ion products. In addition, this reaction has been extended to include
nitriles, cyanates, and cyanamides as cycloaddition partners to furnish a variety of
heteroaromatic compounds. The fact that these heterocycloadditions are smoothly
effected under mild conditions adds support for the proposed charge-accelerated cationic
172For a review, see: Bronson, J. J.; Danheiser, R. L. In Comprehensive Organic Synthesis; Trost, B. M.;
Fleming, I.; Eds.; Pergamon: Oxford, 1991; Vol. 5, p 999.
173For reviews on polar cycloadditions, see: (a) Schmidt, R. R. Angew. Chem., Int. Ed. Engl. 1973,12,
212. (b) Bradsher, C. K. In Advances in Heterocyclic Chemistry; Katritzky, A. R.; Boulton, A. J., Eds.;
Academic: New York, 1974,; Vol. 16, pp 289-324.
174 (a) Schmidt, R. R. Angew. Chem., Int. Ed. EngL 1964, 3, 387. (b) Schmidt, R. R. Chem. Ber. 1965, 98,
334.
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cycloaddition mechanism in the intramolecular enyne cycloaddition via dienyl cation
158.
(5) Evaluation of the Halodiene-Mediated Cycloaddition Pathway
A fourth mechanism for the intramolecular enyne cycloaddition reaction involves
the intermediacy of a halodiene. Addition of HY to the conjugated enyne could provide
halodiene 302. The resulting halodiene 302 can undergo a standard Diels-Alder
cycloaddition to afford diene 303, which can subsequently lose HY to furnish the
aromatic product 161.
Scheme 41
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During the course of our studies, Miller and Ionescu 55 reported that the
cycloaddition of enyne 77 with maleic anhydride, a reaction first examined by Dane et
al,54 proceeds in their hands only in the presence of sub-stoichiometric amounts of either
HCI (g) or HBr (g). No yields were reported for this reaction. Miller found that the
reaction did not proceed after one week at room temperature or upon heating for several
days, even though Dane et al. previously reported that the reaction occurs at room
temperature to give the cycloadduct in moderate yield. Due to the requirement for HX in
these reactions, Miller and Ionescu proposed a HX-catalyzed mechanism that involves the
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formation of a halodiene. As shown in Scheme 42, the electron-rich enyne 77 is first
protonated to give benzylic-allenyl cation 83a/b. A cascade of reactions provides
halodiene 85, which then undergoes a Diels-Alder cycloaddition to give cycloadduct 86.
Elimination of HX regenerates the catalyst and affords the observed product 79.
Scheme 42
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Miller and Ionescu synthesized halodienes 85 (X=Cl and Br) and found that both
compounds react with maleic anhydride to form product mixtures "essentially identical"
with the products obtained in the HX-catalyzed reaction of enyne 77 with maleic
anhydride, although no yields are reported for these reactions. These results suggest that
the [4+2] cycloaddition of halodiene 85 (X=Cl or Br) may be facile and halodiene 85
could be an intermediate in the HX-catalyzed reaction of enyne 77 with maleic anhydride.
Furthermore, Miller observed that maleic anhydride reacted with a solution containing a
10:1 molar ratio of enyne 77 and halodiene 85 (X=C1) to provide cycloadduct 79 in a
molar yield that was seven times larger than the amount of halodiene 85 (X=Cl)
employed. This result suggests that HCI from the halodiene may be catalyzing the
reaction since no additional HCI was employed. The fact that an intermolecular [4+2]
cycloaddition of a halodiene is effected at room temperature is somewhat unusual for a
regular Diels-Alder reaction, although we have been unable to find examples of
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intermolecular Diels-Alder cycloadditions of 1-halo- 1,3-dienes for comparison. 8
However, polar cycloadditions,173 such as the cycloaddition of a dienyl cation, might well
proceed at ambient temperatures (vide supra). Consequently, it is plausible that the HX-
catalyzed cycloaddition of enyne 77 may actually be proceeding via a dienyl cation
intermediate.
The first stage of Miller and Ionescu's proposed halodiene mechanism (i.e.,
conversion of the enyne to allenyl halide) is closely related to the Meyer-Schuster
rearrangement, 171 which involves the acid-promoted conversion of a propargyl alcohol
339 to afford an unsaturated ketone or aldehyde (Scheme 43). In the presence of protic
acids, alcohol 339 ionizes to give propargylic cation 340. For alcohols 339 that do not
have any a protons (e.g., R=Ar or t-Bu), the propargylic cation is then trapped by water
to furnish allenyl alcohol 342 which then tautomerizes to provide the enone or enal
product 343. However, propargyl alcohols 339 that do have a protons (e.g., R=Me)
mainly undergo the Rupe rearrangement (Scheme 39), although quite often Meyer-
Schuster products are also produced in low yield. 175
Scheme 43
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From the above analysis, it appears that while the conversion of 77 via a Meyer
Schuster-type rearrangement to halodiene 85 is reasonable, this process may be limited to
enynes such as 77 with strong electron-donating groups on the internal carbon of the
175 For some examples, see: (a) Takeshima, T. J. Am. Chem. Soc. 1953, 75, 3309. (b) Ansell, M. F.;
Hancock, J. W.; Hickinbottom, W. J. J. Chem. Soc. 1956, 911.
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enyne double bond. Contrary to Miller's suggestion, 55 it is very difficult to see how such
a mechanism could operate for the Michael-Bucher reaction. In this case, and probably in
the case of substrates we have studied, a more likely route to a halodiene intermediate (if
such is involved) would have to proceed via direct addition of HX to the enyne triple
bond in the thermodynamically less favorable fashion.
Although we thus speculate that the halodiene mechanism proposed by Miller
may only apply to electron rich enynes such as 77, we have considered this mechanism to
be a possible pathway for our intramolecular enyne cycloadditions since we have shown
that these reactions also proceed in the presence of protic and Lewis acids. 67 In zinc
bromide-promoted enyne cycloadditions, we have found that the best results are obtained
when the Lewis acid is not rigorously dried; consequently, a small amount of HBr is
present and may be capable of promoting the reaction via the intermediacy of a dienyl
cation, halodiene, or cyclic allene. We therefore decided to address the viability of the
halodiene mechanism in the intramolecular enyne cycloaddition reaction with respect to
zinc bromide conditions.
Carmen Garcia in our laboratory investigated the zinc bromide-promoted
cycloadditions with the expectation that a dienyl bromide or enyne isomerization product
might be isolable. To examine the reactivity of the enyne under typical cycloaddition
reaction conditions, Garcia prepared two model enynes, 344 and 345, that are incapable
of undergoing the cycloaddition reaction, and subjected them to the zinc bromide reaction
conditions. Sulfonamide 344 and nitrile 345 did not react when treated with zinc bromide
- 10 equiv ZnBr2 , 2 equiv BHT
TaN - CH20C12, 40 C, 72 h No reaction;
S344 was 100% recovered (75)
Me 344
- 10 equiv ZnBr2 , 2 equiv BHTCH2C12, 40 OC, 88 h No reaction;
\ 345 was 93% recovered (76)
345
136
and BHT in refluxing methylene chloride for 3 days (eq 75 and eq 76). For comparison,
enyne 188 provided a 64% yield of isoindoline 259 (eq 77) and enyne 131 furnished a
68% yield of tetralone 140 (eq 78) under identical zinc bromide conditions.
4 ; 7 ni Z OUT
uqe v " r2, equ v9 - CH2CI2, 40 C, 72 hTsN
m 64%
COMe188
(77)
-
i 9I .11,~U4I ~-/
/ v :,uqe n. u r2, eq u I:,•,Iv n nCH2C1 2, 40 oC, 88 h68%
131
(78)
Neither a dienyl bromide nor rearranged products were observed in the reaction of
either of the model systems, which suggests that the halodiene mechanism proposed by
Miller is only viable if under these conditions formation of halodiene is reversible and the
equilibrium lies in favor of the conjugated enyne. Thus, in our zinc bromide reactions the
halodiene could be produced at very low concentration and not be detectable when the
reaction is monitored by 1H NMR spectroscopy. An obvious experiment to test this
hypothesis would be to make the proposed halodiene intermediate and see if it is
converted to the conjugated enyne under the reaction conditions; however, all attempts to
prepare an appropriate halodiene have been unsuccessful. 176 In summary then, although
the halodiene mechanism is not discussed in detail in the remainder of this section, it does
remain a viable alternative provided that one assumes that halodiene intermediates can be
produced reversibly and in very low concentrations from enyne substrates under the
conditions of our cycloadditions. For most systems we have studied, we do not consider
this to be a likely scenario.
176Garcfa, C., Massachusetts Institute of Technology, unpublished results.
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Results from Mechanistic Studies on the Thermal Cycloaddition
The remaining mechanistic alternatives for the intramolecular enyne cycloaddition
are shown in Scheme 44. Various stepwise pathways introduced earlier in this chapter
are not considered here because, as discussed earlier, several problems exist with these
pathways. Furthermore, we have gathered experimental evidence supporting a concerted
(or very fast stepwise) mechanism for the intramolecular enyne cycloaddition reaction
based on our stereochemical studies conducted under Lewis and protic acid conditions.
The results of these studies are discussed in a subsequent section describing our
mechanistic results for Lewis and protic acid cycloadditions. Consequently, under the
thermal conditions, we consider the most important mechanistic options to include a
dienyl cation cycloaddition, a cycloaddition of the enyne to directly afford a cyclic allene
or biradical species, and a cyclization leading directly to a biradical intermediate (Scheme
44). The intermediates formed in these pathways can then isomerize to the aromatic
product via the various pathways presented in Scheme 44.
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Our mechanistic studies on the thermal cycloaddition focused primarily on
devising experiments that would provide evidence in support of (or against) the proposed
cycloaddition pathways, including experiments designed to trap the various high energy
intermediates that may be involved in the cycloaddition reactions. Herein, we report the
experimental results from our mechanistic studies on the thermal intramolecular enyne
cycloaddition. In particular, key experiments and byproducts will be disclosed that
provide evidence in support of a biradical or cyclic allene intermediate in the thermal
reaction.
(1) Kinetics Experiments
Alexandra Gould carried out 1H NMR studies on the kinetics of the thermal
reaction of enyne 131 and found, as expected for an intramolecular reaction, that the
reaction is first order with respect to the enyne. Experiments designed to explore the role
of BHT in the thermal cycloaddition and its possible involvement as the acid catalyst for
the dienyl cation pathway were also carried out. If the reaction is catalyzed by BHT, then
the rate of the reaction with BHT should be different from the rate of the reaction without
BHT. This study revealed, however, that the disappearance of enyne 131 proceeds at the
same rate in the presence and absence of BHT, although the aromatic product is produced
in higher yields and with the formation of fewer byproducts in the presence of BHT
(48%; 3 h) compared to the reaction in the absence of BHT (30%; 3 h).
Other experiments were also performed to evaluate the role of BHT in the thermal
reaction. For example, Gould examined the effect of an acid scavenger, 2,6-di-tert-
butylpyridine, on the reaction rate of the thermal cycloaddition of enyne 131. These
experiments revealed that the rate of the thermal reaction of enyne 131 in the presence of
1.1 equivalents of 2,6-di- tert-butylpyridine and one equivalent of BHT was the same as
the reaction in the absence of 2,6-di-tert-butylpyridine. In addition, in experiments
carried out in the absence of BHT, addition of 0.9-1.0 equivalent of 2,6-di-tert-
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butylpyridine had no effect on the rate of the thermal cycloaddition of enyne 131. These
results suggest that the thermal cycloaddition is not catalyzed by adventitious acid but fail
to eliminate the possibility of acid promotion by BHT. The pKa of BHT 177 is ca. 11 and
the pKa of the conjugate acid of 2,6-di-tert-butylpyridine 178 is ca. 7; consequently, at
room temperature 2,6-di-tert-butylpyridine is not a strong enough base to deprotonate
BHT, and this acid scavenger will have no effect on the reaction if the mechanism
involves protonation of the enyne by BHT. The base should react with adventitious acid
if present, but BHT will remain protonated and capable of catalyzing the reaction.
Based on the above results, the rate of the thermal cycloaddition does not appear
to depend on proton catalysis, but the exact role of BHT in the reaction mechanism
remains unresolved. Our efforts relating to other mechanistic studies focused on the
viability of the proposed mechanisms for the thermal cycloaddition reaction (Scheme 44).
In particular, we performed experiments that would provide evidence for or against the
intermediacy of a cyclic allene or biradical in the thermal cycloaddition.
(2) Mechanistic Evidence in Support of a Biradical Intermediate: Chlorine
Incorporation Experiments
The design of the enyne cycloaddition was inspired by the cycloaromatization
reactions of enediynes and allenynes, as discussed in Part I, Chapter 1. These
cycloaromatization reactions proceed via biradical intermediates whose presence has
been demonstrated through various trapping experiments. One of the most common
trapping methods involves utilizing carbon tetrachloride as a solvent which results in
chlorine incorporation at radical sites. Bergman2a-d and Myers 4a-d ,179 have both used this
1772,4,6-trimethylphenol has a pKa of 10.89 in water at 25 *C, see: The Chemistry of the Hydroxyl Group;
Patai, S., Ed.; Interscience: London, 1971; pp 274-275.
1782,6-dimethylpyridine has a pKa of 6.69 in water at 25 *C, see; Rodd's Chemistry of Carbon
Compounds; Coffey, S., Ed.; Elsevier; New York, 1976; Vol. 4f, p 158.
179For trapping experiments of systems related to the Myers and neocarzinostatin cyclizations, see: (a)
Myers, A. G.; Dragovich, P. S.; Kuo, E. Y. J. Am. Chem. Soc. 1992, 114,9369. (b) Myers, A. G.; Finney,
N. S. J. Am. Chem. Soc. 1992, 114, 10986. (c) Myers, A. G.; Dragovich, P. S. J. Am. Chem. Soc. 1993,
115,7021.
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trapping procedure to provide evidence for the presence of a biradical intermediate in the
Bergman and Myers cyclizations, respectively. Hence, we examined thermal enyne
cycloadditions with carbon tetrachloride as solvent anticipating that these experiments
would provide information about the existence of a biradical intermediate 157 in the
thermal reaction.
The cycloaddition of three different enyne substrates was examined in the
presence of carbon tetrachloride, and in all three cases a mixture of products were
formed. For instance, Alexandra Gould found that heating enyne 126 at 180 TC for 8 h in
carbon tetrachloride provided a mixture of products (eq 79).67 High resolution mass and
1H NMR spectroscopy confirmed the presence of a 1:1 mixture of chloroindan 346 and
indan 135. To determine if chlorine is incorporated before or after product formation, a
control experiment was conducted in which indan 135 was subjected to the reaction
conditions. No chlorine incorporation was observed when indan 135 was heated at 180
TC for 8 h in the presence of carbon tetrachloride, confirming that chlorine incorporation
occurs before the formation of the aromatic product.
I H
180 0C, 8 h< - 0CC4 (0.1 M) (79)
32% + (79)
- C0 2M%
126
346 CO2Me 135 CO2Me
1:1
As illustrated below, similar results were obtained in the thermal cycloadditions
of enynes 347 and 207 with carbon tetrachloride as the solvent. Alexandra Gould found
that heating enyne 347 at 75 TC for 24 h in the presence of carbon tetrachloride provided
a 1:1 mixture of chlorofluorenone 348 and fluorenone 349 (eq 80).68 Likewise,
subsequently I found that heating amide 207 at 120 oC for 6 h furnished a mixture of
lactam products (eq 81). The 1H NMR spectrum of these products showed that lactam
266 was present in an 82:18 mixture with a similar compound characterized by two
aromatic protons appearing as doublets. GC/MS showed this mixture consisted of lactamni
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266 and a compound with a molecular ion at 271 and an ion of one third intensity at 273,
which corresponds to a molecular formula consistent with chlorine incorporation as in
chlorolactam 350.1s80
Cl
75 -C, 24 h 
.\N \N
CCI4 (0.05 M) + (80)
43%
0n
347 348 1 : 1 349
- 120 °C,6h
BnN/ - CC4 (0.07 M)BnN f  >_
\ 62%
O 207
(81)
18:82
An important control experiment showed that enyne 351 does not undergo
chlorination when heated at 120 TC for 5 h, indicating that chlorine incorporation does
not occur on the enyne moiety under the reaction conditions (eq 82). Both of the control
120 0C, 5 h
-/ 001C4 (0.05 M)
Bn CC4 (0.05 M) No Reaction (82)
(1H NMR analysis)
0 351
experiments indicate that chlorine is incorporated in an intermediate that is formed during
the cycloaddition reaction. It can be concluded, therefore, that the isolation of the
chlorine incorporation products 346, 348, and 350 is consistent with the intermediacy of
biradical 352. Although less likely, we cannot rule out the possibility that the formation
of these products might occur via electrophilic attack of carbon tetrachloride on the cyclic
allene 352a. Hence, the trapping experiments support the existence of either a biradical
or cyclic allene intermediate in the thermal cycloaddition reaction.
180 Biemann, K. In Tables of Spectral Data for Structure Determination of Organic Compounds; Fresenius,
W.; Huber, J. F. K.; Pungor, E.; Rechnitz, G. A.; Simon, W.; West, Th. S., Eds.; Springer-Verlag: Berlin
Heidelberg, 1989; pp M125-M130.
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The lack of complete chlorine incorporation may result from the poor atom
donating ability of carbon tetrachloride, especially in comparison with a cyclohexadienyl
radical intermediate. The transformation of biradical intermediate 352 to the aromatic
cycloadduct requires that a hydrogen atom is gained at C-4 and lost at C-2. This means
that an excellent atom donor exists within the reaction mixture that can compete with
carbon tetrachloride. For example, if biradical 352 reacts with carbon tetrachloride to
form a chlorocyclohexadienyl radical 353, this species can then serve as an extremely
reactive hydrogen atom source for biradical intermediate 352 (Scheme 45).181 However,
other hydrogen atom sources such as the substrate and product may also be involved.
The decrease in chlorine incorporation observed in the cycloaddition of amide 207 (18%)
compared to the cycloaddition of enynes 126 and 347 (50%) is consistent with the
cycloaddition of amide 207 proceeding through more than one pathway.
Scheme 45
~CI~
I
5209 W
+
SW
181Incomplete chlorine incorporation has been observed in cycloaromatization reactions, see: (a)
Semmelhack, M. F.; Neu, T.; Foubelo, F. Tetrahedron Lett. 1992, 33, 3277. (b) Semmelhack, M. F.; Neu,
T.; Foubelo, F. J. Org. Chem. 1994,59,5038.
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Further studies on atom incorporation were conducted with more potent atom
donors. Heating amide 207 at 110 'C in toluene (0.05 M) in the presence of 20.2
equivalents of CC13Br for 5 h resulted in the formation of a complex mixture of products
by TLC analysis of the crude reaction mixture. Other solvents with good atom-donating
ability such as ds-THF were also investigated with other substrates; however, similar
results were obtained. This suggests that the presence of excellent atom donors such as
chlorocyclohexadienyl radical 353, substrate, and product in the reaction mixture, even at
low concentrations, gives a bias to the incorporation of hydrogen over other atoms.
(3) Mechanistically Significant Byproducts: Demethylation Experiments
While exploring the effect of substitution on the enyne in the thermal
cycloaddition reaction, we observed the formation of a mechanistically significant
byproduct that also supports a biradical intermediate. Alexandra Gould found that
heating ketone 282 at 180 'C for 24 h resulted in the formation of tetralone 283 along
with an equal amount of the demethylated tetralone 140 in 54% combined yield (Scheme
46). Control experiments indicated that demethylation was occurring through an
Scheme 46
z equiv on i, ru2Me180 C, 24h
(54%
O0
+
- 1 : 1 I,
('H NMR analysis)
2 equlv Tm I, rnMe
180 C, 24 h
aNo Reaction
- 2 equiv BHT, PhMe
180 C, 24 h 0 No Reaction
OH
356
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intermediate involved in the cycloaddition. For example, tetralone 283 and alcohol 356
were subjected to the reaction conditions whereupon no demethylation was observed
(Scheme 46). All attempts to determine the fate of the methyl group in the reaction were
unsuccessful. 182
During my investigation of the scope of the intramolecular enyne cycloaddition of
substrates containing a heteroatom in the connecting chain, I also examined the effect of
substitution on the enyne in the thermal reaction. Heating the dimethyl-substituted ester
substrate 215 at 150 'C in the presence of 3 equivalents of BHT for 21 h provided
phthalide 275 in 78% yield (Scheme 47). 1H NMR analysis of phthalide 275 after
Scheme 47
3 equiv BHT, PhMe
+
A 125 &o Za4
150 -C, 21 h 96 : 4
78% (1H NMR analysis)
180 -C, 6 h 86 : 14
77% (1H NMR analysis)
purification by column chromatography showed the presence of a trace (ca. 4%) of the
demethylated phthalide 274. The 1H NMR spectrum of phthalide 275 exhibits two
singlets for the aromatic protons at 7.64 and 7.25 ppm; whereas the 1H NMR spectrum of
the phthalide 274 shows three aromatic protons at 7.79 (d), 7.34 (d), and 7.30 (s) ppm. In
contrast to the results obtained at 150 TC, heating ester 215 at 180 TC in the presence of 3
equivalents of BHT for 6 h provided a 86:14 mixture of phthalides 275 and 274 in 77%
combined yield (Scheme 47). These results indicate a temperature dependence on the
amount of demethylated product formed in the thermal cycloaddition reaction. To
determine if demethylation was occurring after aromatic ring formation, phthalide 275
182Gould extensively investigated the thermal cycloaddition of enyne 282 utilizing a variety of solvents
and additives. The results of these experiments suggested that a radical mechanism is involved, see:
Gould, A. E. Ph. D. Thesis, Massachusetts Institute of Technology, June 1996.
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was subjected to the reaction conditions at 180 'C and no demethylation was observed
(eq 83).
3 equiv BHT, PhMe
180 °C, 6 h - No Reaction (83)
0 275
We therefore decided to reexamine the thermal cycloaddition of ketone 282 at a
lower temperature to determine if the temperature dependence on the amount of
demethylated cycloadduct is general. Heating ketone 282 at 150 oC in the presence of 2
equivalents of BHT for 47 h furnished a 83:17 mixture of tetralones 283 and 140 in 43%
combined yield. As expected, the amount of demethylated product decreased when the
reaction was conducted at 150 TC compared to the reaction at 180 °C (Scheme 46).
Based on the outcome of the study of the thermal reactions of enyne 282 and 215
discussed above, we propose the radical mechanism shown in Scheme 48 to account for
the demethylation phenomenon. As outline below, the "normal" reaction pathway
involves bimolecular H-atom abstraction and produces the dimethyl-substituted product
283. However, an alternative competing pathway can occur involving a unimolecular
fragmentation with loss of a methyl group to produce the monomethyl-substituted
product 140.183,184 The temperature dependence of the extent of demethylation in the
thermal reaction is thus due to the entropic contribution to the free energy of activation
(AG* = AHt-- TASt). The entropy of activation (AS t) is expected to be positive
(favorable) for the fragmentation pathway, but negative (unfavorable) for the normal H-
atom abstraction pathway. Higher reaction temperatures should thus favor the
unimolecular (fragmentation) pathway, since higher temperatures amplify the
contribution of the entropy change to the overall activation energy (AG*) for the reaction.
183For examples of related radical fragmentation processes, see: (a) Hart, H. DeVrieze, J. D. Tetrahedron
Lett. 1968, 4257. (b) Franz, J. A.; Camaioni, D. M. J. Org. Chem. 1980, 45, 5247. For the reaction of
methyl radicals with phenols, see: (c) Mulcahy, M. F. R.; Tucker, B. G.; Williams, D. J.; Wilmshurst, J. R.
Aust. J. Chem. 1967, 20, 1155.
184For examples of unimolecular methyl and alkyl fragmentations, see: (a) Ingold, K. U. In Free Radicals;
Kochi, J. K., Ed.; John Wiley & Sons: New York, 1973; Vol I, pp 99-102. (b) Kochi, J. K.; Krusic, P. J. .
Am.n Chem. Soc. 1969, 91, 3944. (c) Gray, P.; Williams, A. Chem. Rev. 1959, 59, 239.
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(4) Mechanistic Evidence in Support of a Cyclic Allene Intermediate: Flash Vacuum
Pyrolysis Experiments
During the course of our studies, experimental evidence in support of cyclic allene
intermediates in enyne cycloaddition reactions was disclosed by R. P. Johnson and co-
workers (Part I, Chapter 4). 32 These researchers subjected enynes 171 and 129 to flash
vacuum pyrolysis (FVP) conditions and isolated ring opened products 173 and 175,
respectively (Scheme 49). Johnson et al. proposed that ring opened products 173 and 175
formed via a cycloreversion and six-electron electrocyclic ring opening of cyclic allene
intermediates 172 and 174, respectively. As discussed in Part I, Chapter 4, formation of
the rearranged cycloaddition product 176 from the FVP reaction of enyne 129 is also
consistent with the intermediacy of a cyclic allene. To the best of our knowledge,
Johnson's work represents the first experimental evidence in support of the intermediacy
of cyclic allenes in enyne cycloaddition reactions.
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The substrates investigated by R. P. Johnson involve an unactivated enynophile,
and as discussed earlier, these systems do not undergo cycloaddition in synthetically
significant yield. We were interested in examining the reaction of a synthetically
important "activated" substrate under the FVP conditions to determine whether these
systems also might yield byproducts derived from a cyclic allene intermediate.
Consequently, "type II" amide 222 was subjected to FVP conditions and three major
products were formed: the ring-opened lactam 358, and aromatic lactams 268 and 359
(96% yield based on recovered starting material) (Scheme 50). 1H NMR analysis of the
Scheme 50
19%
- 600 0C
FVP
BnN BnN
222 O 357
14ol
67:33
('H NMR analysis)
.oV
148
176
17%*
crude reaction mixture showed a 52:32:16 ratio of ring-opened lactam 358, aromatic
lactam 268, and aromatic lactam 359, with no starting material present. Purification by
column chromatography provided ring-opened lactam 358 (19%) and a 67:33 mixture of
aromatic lactams 268 and 359 (21%). The 13C NMR spectrum of ring-opened lactam
358 exhibits two carbon-carbon triple bond resonances at 100.3 and 78.4 ppm as well as
eight carbon-carbon double bond resonances. Additionally, the IR spectrum of ring-
opened lactam 358 shows a carbon-carbon triple bond stretching band at 2206 cm -1.
The isolation of these products is consistent with the intermediacy of a cyclic
allene. The ring-opened lactam 358 can be formed via a six-electron electrocyclic ring
opening of cyclic allene intermediate 357 (eq 84). The aromatic products could arise
(84)[NJ 1O
-357 " 358
from a 1,2-H shift of cyclic allene intermediate 357 to provide carbene intermediate 360
which then undergoes a methyl or hydrogen insertion to furnish aromatic lactams 268 and
359 (eq 85). For comparison, the reaction of substrate 222 in toluene at 180 TC does not
generate any of the ring-opened lactam 358 or rearranged aromatic product 359 (Part II,
Chapter 2; Table 7, entry 3). We believe the high temperatures employed under the FVP
conditions enables the cyclic allene intermediate 357 to access these alternative pathways.
K
357 360
268
+ (85)
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(5) Concentration Studies
Although our mechanistic studies focused mainly on the stage of the reaction in
which a new ring is formed, we are also very interested in the mechanism involved in the
conversion of the initially generated cycloadduct to the final aromatic product. One of
the possible mechanism (see Scheme 44) for this final transformation involves an
intramolecular process: a [1,5] sigmatropic rearrangement. The following experiment
suggests that this pathway may not be operating in the enyne cycloaddition if the
formation of the cycloadduct proceeds via unimolecular reactions.
During Alexandra Gould's initial optimization of the thermal reaction conditions,
she examined the cycloaddition of enyne 126 under various concentrations (0.05 M, 0.1
M, 0.2 M, and 1.0 M) and found that the best yield of indan 135 was obtained by heating
enyne 126 at 180 TC in a 0.1 M solution of toluene containing one equivalent of phenol
(eq 86). Gould performed experiments to study the concentration effect on the thermal
cycloaddition of enyne 126 and found that reactions conducted at 1.0 M and 0.05 M in
d8-toluene provided indan 135 in only 19% and 8% yield, respectively. s8 5 One of the
potential pathways for the enyne cycloaddition involves two intramolecular steps:
cycloaddition to give a cyclic allene intermediate 156, followed by a [1,5] sigmatropic
rearrangement to furnish the aromatic product 161 (Scheme 44). It would be expected
that the yield for a purely intramolecular process should increase at higher dilution,
because any bimolecular side reactions would be slower at lower concentrations.
However, if formation of the cycloadduct involves a bimolecular reaction, then the yield
might decrease at higher dilution.
/ 1 l
1 equiv PhuI-H7 toluene (0.1 M), 180 OC, 7 h
50%
1co26126
(86)
185The thermal reactions were run in d8-toluene containing 1,4-dimethoxybenzene as the internal standard
and the crude reaction mixture was analyzed by H NMR, see: Gould, A. E. Ph.D. Thesis, Massachusetts
Institute of Technology, June 1996.
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These concentration studies indicate that both an intramolecular and an
intermolecular process are most likely involved in the transformation from the enyne to
the aromatic product. The low yields observed for reactions performed at high
concentrations are probably due to intermolecular side reactions competing with the
desired intramolecular cycloaddition. For reactions conducted at high dilution, the poor
yields could perhaps be a result of a decrease in the rate of a necessary intermolecular
step.
(6) Conclusion
Our investigation of the mechanism of the thermal intramolecular enyne
cycloaddition has provided important mechanistic information. The isolation of the
chlorine-containing products (346, 348, and 350) from our chlorine incorporation studies
and the formation of the ring-opened lactam 358 and rearranged aromatic lactam 359
from our flash vacuum pyrolysis experiment provides evidence in support of a cyclic
allene and biradical intermediate in the thermal version of the intramolecular enyne
cycloaddition reaction. Additionally, the isolation of demethylated products in the
thermal cycloadditions of enynes 282 and 215 along with associated control experiments
provides further support for the cyclic allene/biradical pathway. Finally, while our
kinetics experiments rule out a catalytic role for strong acids, the exact function of BHT
in the thermal reactions remains unresolved.
Results from Mechanistic Studies on the Lewis and Protic Acid-Promoted
Cycloaddition
As discussed earlier in this chapter, for cycloadditions promoted by Lewis and
protic acids we consider the mechanistic options to include a dienyl cation cycloaddition
and a concerted cycloaddition to afford a cyclic allene or biradical species (Scheme 51).
As shown in Scheme 51, path a involves protonation of the alkyne moiety of the enyne
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to give dienyl cation 158, which then undergoes a charge-accelerated [4+2]
intramolecular cycloaddition to furnish the cyclohexadienyl cation 159. Closely related
to path a is the mechanism proposed by Miller, in which a halodiene corresponding to
158 forms reversibly in low concentration from the enyne and then undergoes [4+2]
cycloaddition followed by elimination. In path b, enyne 155 undergoes a concerted
[4+2] cycloaddition reaction to provide cyclic allene 156 which upon addition of an
electrophile is converted to cyclohexadienyl cation 159. Loss of a proton from the
cyclohexadienyl cation intermediate 159 then furnishes the aromatic product 161.
Scheme 51
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Herein, we report the experimental results from our mechanistic studies on the
Lewis and protic acid-promoted intramolecular enyne cycloaddition. In particular, key
experiments will be disclosed that provide evidence in support of a cyclic allene or dienyl
cation intermediate in the these reactions. In some cases, isolation and characterization of
byproducts formed in the Lewis and protic acid cycloaddition reactions have provided
important information on the mechanism of the transformation.
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(1) Mechanistically Significant Byproducts
Cycloadditions promoted by dimethylaluminum chloride, a Lewis acid that is also
a proton scavenger, 73,74 have provided side products consistent with the involvement of
either a dienyl cation or cyclic allene intermediate. For example, Dr. Roberto Fernindez
found that treatment of enyne 131 with two equivalents of dimethylaluminum chloride at
-78 to 25 TC for 8 h provided the desired tetralone 140 in 49% yield (Part I, Chapter 4;
Table 2, entry 4). However, Fernindez found that reaction of enyne 131 with only 1.1
equivalent of dimethylaluminum chloride at 0 TC furnished a mixture of the desired
tetralone 140 and a substituted tetralone 361 (Scheme 52). The formation of 361 does not
occur via electrophilic aromatic substitution on 140, since this tetralone did not undergo
Scheme 52
- 1.1 equivMe2AICI
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substitution when treated with an alkynyl ketone in the presence of dimethylaluminum
chloride. One possible mechanism to account for the formation of 361 involves
electrophilic attack on the cyclic allene 362 by an activated alkynyl ketone substrate to
give a cyclohexadienyl cation 159 which would then lose a proton to yield the substituted
aromatic product. Alternatively, a mechanism involving electrophilic attack on the
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biradical species of cyclic allene 362 by an activated alkynyl ketone substrate cannot be
ruled out. Another plausible mechanism involves electrophilic attack of the alkynyl
ketone on the enyne moiety to afford a dienyl cation intermediate 363 which could then
undergo a charge-accelerated [4+2] cycloaddition reaction to furnish tetralone 361.
Other side products have been observed that provide evidence for the involvement
of electrophilic attack on the enyne moiety under protic acid conditions. For example,
Dr. Roberto Fernandez observed the formation of trace amounts of the rearranged
tetralone 364 and the diketone 365 when the cycloaddition of enyne 131 was conducted
-- 0.5-1.0Oequiv MsOH
CH2Cl2, 0-25 *C, 19-28 h+ Y+ + (87)/ 0
0 131 0140 03640 365
72-85% 4-6% 6-11%
in the presence of one equivalent or less of methanesulfonic acid (eq 87). As illustrated
in Scheme 53, the rearranged tetralone product (364) may form via the rearrangement of
the desired tetralone 140 through a retro-Friedel Crafts acylation and then a normal
intramolecular Friedel-Crafts acylation. Indeed, Dr. Fernadez found that treatment of
tetralone 140 with 2 equivalents of methanesulfonic acid in methylene chloride at room
temperature for four days provided a trace of the rearranged product 364 as determined
Scheme 53
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by TLC analysis of the crude reaction mixture. The rearranged tetralone 364 was not
observed in any other Lewis or protic acid-promoted reactions.
As illustrated in Scheme 54, the diketone byproduct 365 may form via a
mechanism similar to the Meyer-Schuster rearrangement, 171 perhaps involving
neighboring group participation by the alkynone carbonyl. Both the Meyer-Schuster and
Rupe rearrangements involve propargyl alcohol substrates, but the Rupe rearrangement
proceeds via protonation of a conjugated enyne to give the thermodynamically favored
vinyl cation intermediate (Scheme 39). Propargyl alcohol substrates that have c protons
undergo Rupe rearrangements, but quite often provide low yields of Meyer-Schuster
products.175 Hence, it is surprising that we did not observe formation of the Rupe
product. These results suggest that in the presence of protic acid, protonation of the
conjugated enyne provides two vinyl cation intermediates and a propargylic cation
intermediate in equilibrium, and perhaps in our systems neighboring group participation
by the alkynone carbonyl favors hydrolysis to furnish the Meyer-Schuster type
products. 186 Hence, the formation of the Meyer-Schuster product 365 could involve the
intermediacy of propargylic cation 370 or a dienyl cation 371 with or without
neighboring group participation by the alkynone carbonyl.
Scheme 54
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186Carmen Garcia investigated the viability of participation of the alkynone carbonyl in the
methanesulfonic acid-promoted hydrolysis reactions of conjugated enynes with substrates incapable of
undergoing cycloaddition; however, the results of these studies were inconclusive.
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A Meyer-Schuster type rearrangement product 373 was also formed when enyne
alcohol 372 was treated with an excess of methanesulfonic acid at 0 °C (eq 88). In
addition, I isolated byproduct 374 in 72% yield when enyne 221 was treated with a large
excess of methanesulfonic acid at room temperature (eq 89). Neither of these enynes,
372 or 221, undergo the cycloaddition readily under any of the usual Lewis or protic acid
conditions, suggesting that the appearance of the c,j3-unsaturated ketone product occurs
when the enyne cycloaddition is slow or does not occur at all. The mechanistic
implication is that reversible enyne protonation is occurring under the protic acid
conditions, and when the cycloaddition is slow, trapping by a nucleophile can occur. 187
Alternatively, under these conditions addition of methanesulfonic acid to the enyne triple
bond may be occurring, and if cycloaddition is then slow, the vinyl mesylate may be
hydrolyzed to form the enone byproducts.
I
- 4.0 equiv MeSO 3 H
CH2C12, 0 0C, 2 h
92% conversion
-(1 H NMR analysis)
(88)
OH 372 373
4.8 equiv MeSO3H
- 1,2-dichloroethane
<00C to rt, 69h
BnN 72% BnN O (89)
\ ý374 \
0 221 OMe 0 OMe
(2) Experiments with Electron-Deficient Enyne Substrates
Based on the experimental results from our laboratory and others discussed above,
we considered the dienyl cation pathway (or related "halodiene") to be a likely possibility
for the Lewis and protic acid-promoted intramolecular enyne cycloaddition reactions.
Therefore, we turned our efforts toward the Lewis and protic acid-promoted
187We have examined this issue and found that even under strictly anhydrous conditions, the formation of
these side products occurs slowly. Hence, intramolecular trapping of the dienyl or allenyl cation by the
carbonyl group of the enynophile may be occurring. The resulting cationic species would then hydrolyze
upon workup to give the a,3•-unsaturated ketone byproducts.
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cycloadditions of the electron-deficient enyne substrates 250 and 251 with the
expectation that the cycloaddition would proceed slowly or not at all if the mechanism
involves the formation of a dienyl cation intermediate. Heating amide 250 in the
presence of 2.5 equivalents of methanesulfonic acid for 18.5 h provided ca. a 3:1 mixture
of enyne 250 and aromatic lactam 273 as observed by TLC analysis of the crude reaction
2.5 equiv MSA 0
-CICH 2CH2Cl
Bn 70-75 °C, 18.5 h
IN BnN + 250 (90)
250 273
ca. 1:3
(TLC analysis)
mixture (eq 90). The reaction of amide 250 under the methanesulfonic acid conditions,
however, is much slower relative to the normal "type II" amide substrate 207, which
provided the aromatic product 266 in 56% yield under identical conditions (Part II,
Chapter 2; Table 8, entry 1). As shown in Table 7 (Part II, Chapter 2), amide 250 does
undergo the thermal cycloaddition at 120 'C in 21 h to furnish lactam 273 in 42% yield.
For ketone 251, some decomposition of the substrate occurred under the methanesulfonic
acid and aluminum chloride conditions, but no desired tetralone product formed as
2.5 equiv MSA
CH2CI2
0 0C, 30 min;
rt, 46 hOR 4 SM + byproducts (91)
1.1 equiv AICI3251 CH20C12
0 0C, 25 min;
rt, 22 h
determined by TLC analysis of the crude reaction mixture (eq 91). However, the normal
"type II" ketone substrate 131 smoothly undergoes the aluminum chloride and
methanesulfonic acid-promoted cycloaddition reactions at 0 TC in 30 minutes (Part I,
Chapter 4; Table 2, entry 4). The fact that ketone 251 did not undergo the thermal
cycloaddition suggests that the enyne and enynophile may not be activated enough for a
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cycloaddition reaction. However, the fact that amide 250 undergoes efficient thermal but
not acid-promoted cycloaddition is consistent with a mechanism involving electrophilic
addition to the enyne triple bond.
(3) Lithium Perchlorate-Promoted Cycloadditions
Over the past ten years, 5.0 M lithium perchlorate in diethyl ether has emerged as
a novel medium for facilitating [4+2] cycloaddition reactions at ambient
temperatures. 188,189 We were interested in investigating lithium perchlorate-promoted
intramolecular enyne cycloaddition reactions because in principle this medium provides a
Lewis acid without protic acid contamination, 190 and might allow us to distinguish the
pathways involving a dienyl cation intermediate 158 from alternative cycloaddition
mechanisms. If a direct [4+2] cycloaddition of the enyne is involved, then the Lewis
acidic nature of lithium ion would simply activate the enynophile by association with the
carbonyl group and thus lower the barrier for the cycloaddition to the cyclic allene
intermediate 156 (Scheme 51, path b). As discussed earlier, strictly anhydrous zinc
bromide-promoted cycloadditions proceed very slowly, and under those conditions, HBr
may be the actual promoter of the reaction (Part I, Chapter 4). Therefore, we felt that an
examination of lithium perchlorate-promoted enyne cycloadditions could provide
evidence for or against a dienyl cation intermediate 158 in the Lewis and protic acid
reactions.
188For examples of lithium perchlorate promoted intermolecular Diels-Alder reactions, see: (a) Braun, R.;
Sauer, J. Chem. Ber. 1986, 119, 1269 (b) Grieco, P. A.; Nunes, J. J.; Gaul, M. D. J. Anm. Chem. Soc. 1990,
112, 4595. (c) Grieco, P. A. Aldrichimica Acta 1991, 24, 59. (d) Waldmann, H. Angew. Chem. Int. Ed.
Engl. 1991, 30, 1306. (e) Forman, M. A.; Dailey, W. P. J. Am. Chem. Soc. 1991, 113, 2761. (f) Desimoni,
G.; Faita, G.; Righetti, P. P.; Tacconi, G. Tetrahedron 1991, 47, 8399. (g) Grieco, P. A.; Beck, J. P.
Tetrahedron Lett. 1993, 34, 7367. (h) Reetz, M.; Gansluer, A. Tetrahedron 1993, 49, 6025. (i) Casaschi,
A.; Desimoni, G.; Faita, G.; Invernizzi, A. G.; Lanati, S.; Righetti, P. P. J. Am. Chem. Soc. 1993, 115, 8002.
(j) Desimoni, G.; Faita, G.; Righetti, P. P. Tetrahedron Lett. 1995,36,2855.
189For examples of lithium perchlorate promoted intramolecular Diels-Alder reactions, see: (a) Grieco, P.
A.; Handy, S. T.; Beck, J. P. Tetrahedron Lett. 1994, 35, 2663. (b) Grieco, P. A.; Beck, J. P.; Handy, S. T.;
Saito, N.; Daeuble, J. F. Tetrahedron Lett. 1994, 35, 6783. (c) Grieco, P. A.; Kaufman, M. D.; Daeuble, J.
F.; Saito, N. J. Am. Chem. Soc. 1996,118,2095.
190For assessment of the Lewis acidity of this medium, see: Pagni, R. M.; Kabalka, G. W.; Bains, S.;
Plesco, M.; Wilson, J.; Bartmess, J. J. Org. Chem. 1993,58,3130.
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We examined the cycloaddition of three enyne substrates in the presence of 5.0 M
lithium perchlorate in diethyl ether and in all three cases the cycloadditions proceeded
slowly. For example, reaction of enyne 188 with a 5.0 M lithium perchlorate solution in
diethyl ether provided a 73:27 mixture of isoindoline 259 and enyne 188 after 4 days at
room temperature as determined by 1H NMR analysis of the crude reaction mixture (eq
/I
TsN'** ' 5 M UCIO 4-Et20, rt, 98 h
COMe
188
+ 188 (92)
73: 27
(1H NMR analysis)
92).191 The lithium perchlorate-promoted cycloaddition reactions of enynes 131 and 146
were found to be much slower relative to cycloadditions under the Lewis or protic acid
conditions we usually employ in our cycloaddition reactions. For example, for enyne 131
a 13:87 mixture of tetralone 140 and enyne 131 was obtained after 16 days at room
Scheme 55
-I/
5 M UCIO4-Et2O, rt, 16 days_
0 131
+ 131
13:87
cf. 1.1 equiv AIC13, CH2CI2  ('H NMR analysis)
0 °C, 30 min
90%
5 M UCIO 4-Et2O, rt, 71 h
- + 146
O 146 O 150 39 :61
(1H NMR analysis)
cf. 1.1 equiv AICI 3, CH2CI20 °C, 90 rmin
80%
191The cycloaddition of enyne 188 in the presence of 11 equiv of zinc bromide and 2 equiv of BHT in
methylene chloride was not complete (ca. 10:90 mixture of enyne 188 and isoindoline 259) after 1 week at
room temperature as determined by TLC analysis.
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temperature as determined by 1H NMR analysis of the crude reaction mixture, and for
enyne 146 a 39:61 mixture of dihydroaromatic product 150 and enyne 146 was obtained
after 3 days at room temperature as determined by 1H NMR analysis of the crude reaction
mixture (Scheme 55).
Grieco and co-workers have observed a dramatic rate acceleration and
enhancement of the endo-exo selectivity for intramolecular Diels-Alder reactions carried
out in the presence of lithium perchlorate and catalytic amounts of camphorsulfonic
acid.189a In a private communication, these researchers revealed that in the absence of
lithium perchlorate, catalytic amounts of camphorsulfonic acid did not promote the
cycloaddition. We also observed a similar rate acceleration in the intramolecular enyne
cycloaddition. For example, the lithium perchlorate-promoted cycloaddition of enyne
131 in the presence of 0.4 equivalents of methanesulfonic acid provided a 91:9 mixture of
tetralone 140 and the Meyer-Schuster product 365 after only eight hours at room
temperature, as determined by 1H NMR analysis of the crude reaction mixture. No
reaction was observed when enyne 131 was treated with 0.4 equivalents of
methanesulfonic acid in diethyl ether for one day, as determined by TLC analysis.
To assist in the interpretation of these intriguing results, we decided to examine
the cycloaddition of a diene substrate using lithium perchlorate conditions. 192 Reaction
of diene 258 with a 5.0 M lithium perchlorate solution in diethyl ether smoothly afforded
cycloadduct 375 in ca. 88% yield (eq 93). The 1H NMR spectrum of cycloadduct 375
'/ 1\ 5 M LiIOU4-1-2Urt, 22 h
approx. 88%
- ('H NMR analysis)
0 258
(93)
exhibits two vinyl proton resonances at 6.59 and 5.35 ppm, and the 13C NMR spectrum
shows four carbon-carbon double bond resonances at 138.5, 130.9, 129.9, and 123.3 ppm.
192The literature on intramolecular Diels-Alder reactions promoted by lithium perchlorate does not report
any examples of substrates containing an alkyne as the dienophile.
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Hence, the cycloaddition of enyne 131 is much slower than the cycloaddition of diene
258 in the lithium perchlorate medium. We believe there are two possible explanations to
account for this difference in rate: (1) the enyne cycloaddition intrinsically has a higher
activation barrier compared to the Diels-Alder reaction, and (2) the enyne cycloaddition
and Diels-Alder reaction proceed by different mechanisms.
In order to address these issues, we set out to qualitatively examine the
differences in rates between the Lewis and protic acid-promoted enyne cycloaddition and
Diels-Alder reaction. As illustrated in Scheme 56, the reactions of diene 258 in the
presence of lithium perchlorate, methanesulfonic acid, and zinc bromide proceed
considerably faster than the cycloaddition of enyne 131. Qualitatively, the differences in
rate between diene 258 and enyne 131 for Lewis and protic acid reactions compared to
Scheme 56
_-/
0 131
5 M UC0IO 4-Et20 13 :87
rt, 16 days Cycloadduct 140 : Enyne 131
0.4 equiv MsOH
CH2CI2, rt, 24 h 79%
10 equiv ZnBr2, 2 equiv BHT
CH2C12, 40 C, 88 h
approx. 88%
5 M UCIO 4-Et20 Estimated 90% purity
rt, 22 h ('H NMR analysis)
approx. 88%0.4 equiv MsOH Estimated 80% purityCH2CI2, 0 0C, 4 h; rt, 2.5 h (1H NMR analysis)(111 NMR analysis)
approx. 87%
10 equiv ZnBr2 , 2 equiv BHT Estimated 90% purityCH20C2 , rt, 1.5 h ('H NMR analysis)
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0 258
the lithium perchlorate reactions are not the same. These results, therefore, are consistent
with different mechanisms operating for the two substrates, suggesting that the enyne
cycloaddition involves some type of reaction between the enyne moiety and HX to
generate either a dienyl cation or halodiene intermediate that undergoes cycloaddition.
(4) Stereochemical Studies
Stereochemical studies conducted in our group focused on establishing whether
the intramolecular enyne cycloaddition proceeds in a stereospecific fashion with respect
to the geometry of an olefinic enynophile, and whether the reaction proceeds with high
endo or exo selectivity. 193 To address this first issue, Dr. Roberto Fernandez and
Alexandra Gould examined the cycloadditions of enynes 376 and 378. As illustrated in
Scheme 57, E-enone 376 and Z-enone 378 undergo the methanesulfonic acid-promoted
cycloadditions to provide the dihydroaromatic products cis-377 and trans-379,
respectively, in good yield and with very high stereoselectivity. 194
Scheme 57
z.t equiv MsIu
CH2CI2, 0-5 °C, 30 min_
ca.99:1 (E:Z) 75%
97 : 3 (cis: trans)
2.5 equiv MSOH
CH2C12, 0 OC, 45 min
379
ca. 97: 1 (Z: E) 88%
98 : 2 (trans: cis)
193During the course of our studies, Miller et al. reexamined the double thermal cycloaddition of dienynes
with olefinic dienophiles, first reported by Butz in the 1940's, and established that the reactions proceed
stereospecifically with retention of configuration with respect to the dienophile, see: Ionescu, D.; Silverton,
J. V.; Dickinson, L. C.; Miller, B. Tetrahedron Lett. 1996, 37, 1559. For a more detailed discussion, see:
Part I, Chapter 3.
194The cycloaddition of E-enone 376 also proceeded in the presence of 1.1 equiv of aluminum chloride in
methylene chloride at 0 *C in 30 min to afford the dihydroaromatic product 377 in 56% yield; however,
heating E-enone 376 at 180 *C in the absence of acid did not produce the dihydroaromatic product.
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ca.99 : 1 (E:Z) 75%
97 : 3 (cis: 
trans)
The structures of dihydroaromatic products 377 and 379 were assigned on the
basis of 1H NMR decoupling experiments and by nOe measurements. Irradiation of the
C-8' methyl protons of cycloadduct 379 gave a 4.7% enhancement of the C-8 hydrogen,
and irradiation of the C-8' methyl protons of cycloadduct 377 gave no enhancement at the
C-8 hydrogen. The stereospecificity observed in the protic acid-promoted cycloadditions
of enynes 376 and 378 demonstrates that the intramolecular enyne cycloaddition proceeds
in a suprafacial manner with respect to the enone moiety. It can be concluded, therefore,
that the intramolecular enyne cycloaddition reaction must proceed via a concerted or a
stepwise mechanism in which ring closure of any intermediate is extremely rapid.
379
UK-
4.7%
We were also interested in exploring the endo-exo selectivity in the
intramolecular enyne cycloaddition reaction. Alexandra Gould examined the aluminum
chloride-promoted cycloaddition of enyne 380 and found that the dihydroaromatic
product 381 was produced as a single isomer, albeit in poor yield (eq 94).195 We
assigned the structure of the dihydroaromatic product as 381 on the basis of 1H NMR
-i / ,A
U.8 equiv AICI3
-CH 2CI2, rt, 25 days
29%
0
(94)
380 381
decoupling experiments and by nOe measurements. 196 For example, the 1H NMR
spectrum of the dihydroaromatic product 381 shows that the two methine protons (Ha and
195Alexandra Gould observed a trace of the other isomer by 1H NMR analysis of the crude reaction
mixture, see: Gould, A. E. Ph.D. Thesis, Massachusetts Institute of Technology, June 1996.
196I found that the 1H NMR spectrum (500 MHz) of dihydroaromatic product 381 in C6D6 separates the
methine protons from the methylene protons, and also separates the methyl groups; consequently, I was
able to perform the decoupling and nOe experiments on 381 using C6D6 as the solvent.
163
Hb) are not coupled to each other, discounting a diaxial relation between the two protons.
Irradiation of either methine proton (Ha or Hb) gave a 7% enhancement at the other
methine proton (Ha or Hb); whereas, irradiation of either the C-7 or C-8 methyl group
showed an enhancement at both Ha and Hb, but no enhancement between the methyl
groups was observed. The 1H NMR decoupling experiments and the nOe measurements
indicate that the structure of cycloadduct 381 is indeed the endo product wherein the C-7
and C-8 methyl groups are in a pseudoaxial position. Hence, the intramolecular enyne
cycloaddition proceeds with high endo selectivity.
(5) Metal-Promoted Cycloadditions
We have also been interested in exploring new methods for promoting the
intramolecular enyne cycloaddition reaction. In particular, we proposed that if the enyne
cycloaddition proceeds via a dienyl cation pathway, then perhaps certain metals that are
capable of coordinating to alkynes to give a bridged or vinyl cation intermediate may
facilitate the cycloaddition reaction (Scheme 58). In addition, we have examined
transition metal-promoted cycloaddition reactions with the expectation that complexation
of the transition metal to the enyne and enynophile may facilitate the cycloaddition under
mild conditions.
Scheme 58
[4+21
M-
•,W w
e.g., M+ = Hg2+, Pd2+, Ag+, 12
A survey of the literature reveals many examples of transition metal-mediated
cycloaddition reactions.197 For example, intramolecular [4+2] cycloaddition reactions
197 For a recent review, see: Lautens, M.; Klute, W.; Tam, W. Chem. Rev. 1996, 96, 49 and references
cited therein.
164
promoted by transition metals such as Ni(0) 198 and Rh(I) 199 have been reported. In
contrast to the Ni(0)-catalyzed cycloadditions, terminal alkynes and unactivated alkenes
have been found to participate smoothly as dienophiles in the Rh(I)-catalyzed
cycloaddition reactions. Recently, examples of transition metal-mediated
cycloaromatization reactions have also emerged. 200
During the course of our studies, Yamamoto et al. reported an efficient method for
promoting an intermolecular enyne cycloaddition reaction in the presence of catalytic
amounts of Pd(PPh 3)4 (eq 95).201 This reaction is limited, however, to substrates 382
R
R 2 mol% Pd(PPh3)4PhMe, 65 oC, 1 h
70-82% (95)
382
R4
383
R = Me, n-C6H 13, (CH3)2CH(OH)CH 2CH2,
and CH 3C(O)CH 2CH2
containing no substituents on the termini of the alkyne and olefin of the conjugated enyne
system and also is limited to the dimerization of an enyne. These researchers proposed
two possible intermediates to account for the transformation: (1) a Ir-complex
intermediate 384, and (2) a metallacycle intermediate 385. A mechanism involving
cleavage of the acetylenic C-H bond was discounted based on a deuterium labelling
experiment. When enyne 382 (R = n-C 6H 13) containing deuterium on the terminus of the
198 (a) Wender, P. A.; Smith, T. E. J. Org. Chem. 1996, 61, 824. (b) Wender, P. A.; Smith, T. E. J. Org.
Chem. 1995, 60, 2962. (c) Wender, P. A.; Jenkins, T. E. J. Am. Chem. Soc. 1989, 111, 6432.
199(a) Wender, P. A.; Jenkins, T. E.; Suzuki, S. J. Am. Chem. Soc. 1995, 117, 1843. (b) Jolly, R. S.;
Luedtke, G.; Sheehan, D.; Livinghouse, T. J. Am. Chem. Soc. 1990, 112, 4965. (c) McKinstry, L.;
Livinghouse, T. Tetrahedron 1994, 50, 6145.
200(a) Wang, Y.; Finn, M. G. J. Am. Chem. Soc. 1995, 117, 8045. (b) Ohe, K.; Kojima, M.; Yonehara, K.;
Uemura, S. Angew. Chem., Int. Ed. Engl. 1996, 35, 1823. For an example of acceleration of the Bergman
cyclization by metal chlorides, see: (c) Warner, B. P.; Millar, S. P.; Broene, R. D.; Buchwald, S. L. Science
1995, 269, 814. For related transition metal-mediated cyclizations of dienylalkynes, see: (d) Merlic, C. A.;
Pauly, M. J. Am. Chem. Soc. 1996, 118, 11319.
201 Saito, S.; Salter, M. M.; Gevorgyan, V.; Tsuboya, N.; Tando, K.; Yamamoto, Y. J. Am. Chem. Soc.
1996, 118, 3970.
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alkyne was subjected to the reaction conditions, the cycloadduct was produced without
loss of deuterium.
RR
OR
P + - OR
384 J 382
Our initial exploration of metal-promoted intramolecular enyne cycloaddition
reactions has been unsuccessful. As illustrated in Tables 10 and 11, enynes 187, 188,
131, and 285 were treated with various metals (e.g., Hg 2+ and Ag+ ) and transition metals
(e.g., Pd2+) and in all cases none of the desired cycloadducts were formed. In addition, a
Table 10. Attempts to Promote the Cycloaddition in the Presence of Metals
Substrate Hg(OAc)2a Hg(O 2CCF 3)2 Ag2 COsb AgNOsC
TsN/
187
TsN /  -
coTe
188
O 131
None ofNo reaction Decomposition No reaction the cycloadduct
Complex mixture
of products
SN Complex mixture
Bn No reaction of products
Pr
0 285
a 0.7-1.3 equiv catalyst, CH2CI2, rt, 22-65 h. b 0.36 equiv Ag2CO 3, Et20, 0 'C, 2 h; rt, 48 h.
Co 0.4 equiv AgN03, MeOH, 0 *C, 2 h; rt, 50 h.
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brief examination of transition metal-mediated intramolecular enyne cycloaddition
reactions was also unsuccessful. Treatment of the enynes 187, 188, and 131 with various
transition metals [e.g., Pd(0) and Rh(I)] also failed to promote the desired cycloaddition
(Table 11). From these preliminary results no conclusions can be made about the metal-
promoted or transition metal-mediated intramolecular enyne cycloaddition reactions.
Further work in this area is needed.
Table 11. Attempts to Promote the Cycloaddition with Transition Metals
Substrate Pd(PPh3 )4* PdCI2(PPh3 )2a Pd(OAc)2 RhCI(PPh 3)3c
TsIN/ Complex mixture No reaction Decomposition Complex mixtureof products of products
187
Ts Backgroundd Backgroundd
TsN Backgroundd Backgroundd No reaction Decomposition
reaction reactionCOMe
188
Decomposition Decomposition Decomposition
0 131
a 5-6 mol% catalyst; PhMe, 50-60 0C, 20-27 h. b 6-10 mol% Pd(OAc)2, THF, rt, 24-48 h.
C 9-11 mol% RhCI(PPh3)3, THF, rt, 47 h. d Substrate undergoes the cycloaddition at
60-70 OC in the absence of catalyst.
(6) Conclusion
Our investigation of the mechanism of the Lewis and protic acid-promoted
intramolecular enyne cycloaddition has provided important mechanistic information that
supports either a dienyl cation, halodiene, or cyclic allene intermediate in the reaction. In
particular, isolation of byproduct 361 provides evidence in support of a dienyl cation or
cyclic allene intermediate in the Lewis acid-promoted cycloaddition reaction. Isolation of
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Meyer-Schuster byproducts 365, 373, and 374 also supports electrophilic attack on the
enyne moiety under protic acid conditions. In addition, the slow cycloaddition of the
electron-deficient enyne 250 in the presence of methanesulfonic acid is consistent with
the involvement of electrophilic addition to the enyne in the protic acid-promoted
cycloaddition. The qualitative comparison of rates between enyne 131 and diene 258
under various Lewis and protic acid conditions supports a mechanism in which
electrophilic addition to the enyne occurs for both the Lewis and protic acid-promoted
intramolecular enyne cycloaddition. Finally, from our stereochemical studies of
substrates with an alkene as the enynophile, we have shown that the cycloaddition is
concerted (or a stepwise mechanism in which ring closure of any intermediate is
extremely fast) and proceeds with high endo selectivity.
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Part III
Experimental Section
169
General Procedures
All reactions were performed in flame-dried glassware under a positive pressure
of argon or nitrogen. Reaction mixtures were stirred magnetically unless otherwise
indicated except for sealed tube reactions which were not stirred. Air- and moisture-
sensitive liquids and solutions were transferred by syringe or cannula into reaction
vessels through rubber septa. Reaction product solutions and chromatography fractions
were concentrated by using a Biichi evaporator at ca. 20 mmHg unless otherwise
indicated.
Materials
Commercial grade reagents and solvents were used without further purification
except as indicated below.
Distilled under nitrogen, argon, or vacuum from calcium hydride:
dichloromethane, dichloroethane, dimethylsulfoxide, diisopropylamine, diethylamine,
triethylamine, collidine, benzylamine, (±)-methylbenzylamine, pyridine, toluene, tert-
butanol, and benzene.
Distilled under nitrogen, argon, or vacuum from sodium benzophenone ketyl or
dianion: diethyl ether and tetrahydrofuran.
Distilled under nitrogen, argon, or vacuum from phosphorus pentoxide: carbon
tetrachloride, methanesulfonyl chloride, methanesulfonic acid, and dimethylformamide.
Distilled under argon or nitrogen from lithium aluminum hydride: methyl
propargyl ether.
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Distilled under nitrogen or argon: 2-methyl-2-buten-3-yne, acetic anhydride,
acetyl chloride, methyl chloroformate, trimethylsilyl chloride, methyl iodide (also passed
through A120 3), propargylamine, propargyl chloride, (trimethylsilyl)acetylene, and oxalyl
chloride.
Purification of other reagents was accomplished in the following manner: N-
bromosuccinimide was recrystallized from water, sodium iodide was dried at 100 'C (0.1
mmHg) for 12-16 hours, lithium chloride was dried at 110 TC (0.1 mmHg) for 12-16
hours, paraformaldehyde was dried under vacuum (0.1 mmHg) over phosphorus
pentoxide, zinc bromide was dried under vacuum (0.1 mmHg), lithium perchlorate was
dried at 150 TC (0.1 mmHg) for 16 hours, and methyl iodide was passed through a short
column of A1203 immediately before use.
Alkyllithium reagents were titrated in tetrahydrofuran or hexane at 0 TC using
1,10-phenanthroline as an indicator. 202
Chromatography
Analytical thin-layer chromatography (TLC) was performed on Merck pre-coated
glass-backed silica gel 60 F-254 0.25 mm plates. Visualization of spots was effected by
one or more of the following techniques: (a) ultraviolet irradiation, (b) exposure to iodine
vapor, (c) immersion of the plate in a 10% solution of phosphomolybdic acid in ethanol
followed by heating to ca. 200 IC, (d) immersion of the plate in an ethanolic solution of
3% p-anisaldehyde containing 0.5% concentrated sulfuric acid followed by heating to ca.
200 TC, (e) immersion of the plate in an ethanolic solution of 3% p-vanillin containing
0.5% concentrated sulfuric acid followed by heating to ca. 200 TC, and (f) immersion of
202Watson, S. C.; Eastham, J. F. J. Organomet. Chem. 1967, 9, 165.
171
the plate in an aqueous solution of 1% potassium permanganate containing 7% potassium
carbonate and 5% sodium hydroxide followed by heating to ca. 200 TC.
Column chromatography was performed on ICN silica gel (32-60 gm).
Deactivated silica gel was obtained via rinsing the silica with copious amounts of acetone
through a glass fritte and then drying in an oven for 5-12 h.
Instrumentation
Melting points (mp) were determined with a Fisher-Johns melting point apparatus
and are uncorrected. Boiling points are uncorrected.
Infrared spectra (IR) were recorded using a Perkin Elmer 1320 grating
spectrophotometer.
1H NMR spectra were measured with a Varian XL-300 (300 MHz) and Varian
Unity-300 (300 MHz) spectrophotometers. Chemical shifts are expressed in parts per
million (6) downfield from tetramethylsilane.
13C NMR spectra were measured with Varian XL-300 (75 MHz)
spectrophotometer. Chemical shifts are expressed in parts per million (8), relative to
tetramethylsilane (with the central peak of CDCl 3 at 77.0 ppm used as a standard).
High resolution mass spectra (HRMS) were measured on a Finnegan Matt-8200
spectrometer.
Elemental analyses were performed by Robertson Microlit Laboratories, Inc., of
Madison, New Jersey.
Flash vacuum pyrolyses (FVP) were performed using FVP glassware from
Aldrich, 2 3 Lindberg Mini-Mite Tube Furnace model #55035 (maximum oven
temperature is 1100 °C), and a Biichi Kugelrohr oven model GKR-50 (maximum oven
temperature is 250 °C).
203 For a list of the glassware from Aldrich, see: Aldrichimica Acta 1983, 16, 1.
172
183 HO 184
4-Methyl-pent-4-en-2-ynol (184).
A 250-mL, three-necked, round-bottomed flask equipped with a rubber septum,
glass stopper, and reflux condenser fitted with an argon inlet adapter was charged with
100 mL of THF and cooled at -65 'C in a dry ice-acetone bath. 2-Methylbut-l1-en-3-yne
(183) (4.70 mL, 3.26 g, 49.3 mmol) was added rapidly by syringe followed by an
additional 55 mL of THF. A n-butyllithium solution (2.52 M in hexane, 19.6 mL, 49.4
mmol) was added dropwise via syringe over 15 min, the reaction mixture was stirred at
-65 IC for 10 min, and then paraformaldehyde (1.92 g, 64.1 mmol) was added in one
portion. The cooling bath was then removed, and the reaction mixture was stirred at 25
oC for 1 h and then heated in a 50-54 'C oil bath for 2.5 h. After cooling to 25 oC, the
dark yellow reaction mixture was poured into a solution of 19.28 g of NH4Cl in 194 mL
of water and diluted with 40 mL of diethyl ether. The aqueous layer was separated and
extracted with five 100-mL portions of diethyl ether. The combined organic phases were
dried over MgSO4, filtered, and concentrated to afford 5.3 g of a dark yellow oil.
Column chromatography on 100 g of silica gel (elution with 20% ethyl acetate-hexane)
provided 3.90 g (82%) of propargylic alcohol 184 as a light yellow oil, with spectral
characteristics identical with those reported previously.84,85
IR (thin film) 3307, 2915, 2855, 2217, 1612, 1437, 1377, 1292,
1227, 1072, 1007, and 900 cm- 1
1H NMR (300 MHz, CDCl3): 5.31 (s, 1H), 5.25 (app quintet, J = 1.8 Hz, 1H),
4.39 (d, J = 5.8 Hz, 2H), 2.28 (br d, J = 5.3 Hz,
1H), and 1.89 (app t, J= 1.5 Hz, 3H)
13C NMR (75 MHz, CDCl3): 126.2, 122.2, 86.8, 86.2, 51.3, and 23.2
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1-Chloro-4-methyl-4-penten-2-yne (185).
A 250-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, glass stopper, and rubber septum was charged with propargyl alcohol 184 (4.06
g, 42.2 mmol) and collidine (6.15 mL, 5.64 g, 46.5 mmol).
A 100-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, rubber septum, and glass stopper was charged with lithium chloride (1.94 g, 45.8
mmol) and 53 mL of DMF. This solution was transferred dropwise via cannula into the
alcohol solution over 15 min. The resulting yellow mixture was cooled at 0 *C in an ice-
water bath to give, after 10 min, a white-yellow suspension. Methanesulfonyl chloride
(3.60 mL, 5.33 g, 46.5 mmol) was then added dropwise via syringe over 25 min. The
thick, yellow mixture was stirred at 0 "C for 50 min and then diluted with an additional
16 mL of DMF to dissolve some of the salts. The mixture was stirred at room
temperature for 21 h and then poured into 120 g of ice-water and diluted with 50 mL of a
cold 1:1 Et20-pentane solution. The aqueous layer was separated and extracted with
three 100-mL portions of a cold 1:1 Et20-pentane solution. The combined organic
phases were washed with three 60-mL portions of saturated CuSO4 solution and 150 mL
of saturated NaCl solution, dried over Na2SO4, filtered, and concentrated to afford 5.41 g
of a yellow oil. Column chromatography on 135 g of silica gel (elution with pentane)
afforded 3.38 g (70%) of propargylic chloride 185 as a colorless oil. 87
IR (thin film): 3090, 2950, 2920, 2230, 1610, 1430, 1372, 1295,
1258, 1080, 1005, 900, and 695 cm- 1
1H NMR (300 MHz, CDC13): 5.35 (s, 1H), 5.29 (app quintet, J = 1.8 Hz, 1H),
4.27 (s, 2H), and 1.89 (app t, J = 1.4 Hz, 3H)
13C NMR (75 MHz, CDC13): 125.9, 123.2, 87.4, 82.8, 31.0, and 23.0
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N-(4-Methyl-4-penten-2-ynyl)-N-(prop-2-ynyl)-p-toluenesulfonamide (187).
A 250-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, glass stopper, and rubber septum was charged with the sulfonamide 18690 (2.66
g, 12.71 mmol) and 41 mL of THF. The solution was cooled at 0 'C in an ice-water bath
while a n-butyllithium solution (2.70 M in hexanes, 4.73 mL, 12.77 mmol) was added
dropwise via syringe over 15 min. The resulting mixture was stirred at 0 TC for 10 min.
A 25-mL, two-necked, round-bottomed flask equipped with an argon inlet adapter
and rubber septum was charged with propargylic chloride 185 (1.75 g, 15.27 mmol) and
16 mL of THF. This solution was transferred dropwise via cannula into the lithium
acetylide mixture over 25 min and the resulting cloudy, thick, brown mixture was stirred
at 0 TC for 5 min, and then sodium iodide (0.894 g, 5.96 mmol) was added in one portion.
The cooling bath was removed and the reaction mixture was stirred at 25 TC for 47 h.
The resulting mixture was diluted with 40 mL of saturated NH 4Cl solution and 30 mL of
Et20, and the aqueous layer was separated and extracted with two 75-mL portions of
Et20. The combined organic phases were washed with 80 mL of saturated NaCl
solution, dried over Na2SO4, filtered, and concentrated to afford 4.19 g of a brown-
orange oil. Column chromatography on 210 g of silica gel (elution with 10% ethyl
acetate-hexane) provided 3.39 g (93%) of 187 as a light yellow solid, mp 49-51 TC.
IR (thin film): 3290, 2980, 2925, 2230, 2130, 1600, 1438, 1358,
1295, 1170, 1100, 900, 820, 755, and 660 cm -1
1H NMR (300 MHz, CDCl3) 7.73 (d, J = 8.3 Hz, 2H), 7.30 (d, J = 8.1 Hz, 2H),
5.15 (d, J = 1.6 Hz, 1H), 5.07 (s, 1H), 4.30 (s, 2H),
4.13 (d, J = 2.4 Hz, 2H), 2.41 (s, 3H), 2.17 (t, J =
2.4 Hz, 1H), and 1.71 (s, 3H)
177
13C NMR (75 MHz, CDC13): 143.7, 135.1, 129.4, 127.8, 125.8, 122.3, 87.0, 80.3,
76.4, 73.9, 37.1, 36.4, 23.1, and 21.6
Elemental Analysis: Calcd for C 16H 17NSO2:
Found:
C, 66.87; H, 5.96;
N, 4.87
C, 66.61; H, 6.00;
N, 4.89
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N-(4-Methyl-4-penten-2-ynyl)-N-(4-methyl-but-2-yn-4-one)-p-toluenesulfonamide
(188).
A 100-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, rubber septum, and glass stopper was charged with enyne 187 (1.80 g, 6.26
mmol) and 54 mL of diethyl ether, and the resulting solution was cooled at -65 TC with a
dry ice-acetone bath. A n-butyllithium solution (2.70 M in hexanes, 2.55 mL, 6.89
mmol) was added dropwise via syringe over 14 min and the resulting mixture was stirred
at -65 TC for 15 min.
A 250-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, rubber septum, and glass stopper was charged with acetic anhydride (3.00 mL,
3.25 g, 31.8 mmol) and 37 mL of diethyl ether, and the resulting solution was cooled at
-70 'C with a dry ice-acetone bath. The lithium acetylide solution was transferred into
this solution dropwise via cannula over 55 min, and the resulting mixture was then stirred
at -70 TC for 55 min. The reaction mixture was diluted with 33 mL of a 10:1 mixture of
saturated NH4C1 solution and concentrated NH 4OH, and then allowed to warm to 25 TC.
The aqueous layer was separated and extracted with two 60-mL portions of Et20, and the
combined organic phases were washed with 100 mL of saturated NH4Cl solution and 80
mL of saturated NaCl solution, dried over Na2SO4, filtered, and concentrated to afford
2.15 g of a brown oil. Column chromatography on 215 g of silica gel (elution with 15%
ethyl acetate-hexane) provided 0.43 g of enyne 187 and 1.19 g (58%; 76% based on
recovered starting material) of methyl ketone 188 as a golden yellow solid, mp 63-65 *C.
IR (thin film): 3055, 2955, 2925, 2215, 1675, 1596, 1545, 1420,
1355, 1290, 1265, 1225, 1165, 1095, 900, 815, and
740 cm-1
180
1H NMR (300 MHz, CDC13): 7.73 (d, J = 8.3 Hz, 2H), 7.32 (d, J =
5.18 (app t, J = 1.7 Hz, 1H), 5.10 (s,
2H), 4.27 (s, 2H), 2.42 (s, 3H), 2.20
1.72 (d, J= 1.4 Hz, 3H)
8.2 Hz, 2H),
1H), 4.31 (s,
(s, 3H), and
13 C NMR (75 MHz, CDC13):
HRMS:
183.2, 144.1, 134.9, 129.6, 127.8, 125.6, 122.7,
87.5, 84.5, 84.0, 79.8, 37.7, 36.6, 32.5, 23.1, and
21.6
Calcd for C 18H 19NS0 3 :Found:
329.1086
329.1081
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N-(4-Methyl-4-penten-2-ynyl)-N-(but-2-yn-4-ol)-p-toluenesulfonandmide (189).
A 50-mL, three-necked, round-bottomed flask was equipped with a rubber
septum, a glass stopper, and a 14/20 adapter containing a hollow glass tube connected via
tygon tubing to another hollow glass tube attached to a 14/20 adapter which was fitted to
a 25-mL, two-necked, round-bottomed flask that was charged with paraformaldehyde
(0.534 g, 17.8 mmol). 100 The 50-mL, three-necked, round-bottomed flask was charged
with enyne 187 (0.555 g, 1.93 mmol) and 19 mL of THF, and the resulting solution was
cooled at -70 'C with a dry ice-acetone bath. A n-butyllithium solution (2.61 M in
hexanes, 0.82 mL, 2.14 mmol) was added dropwise via syringe over 10 min and the
resulting mixture was stirred at -70 'C for 20 min, and then warmed to -30 oC. With a
steady flow of argon, the glass stopper on the 50-mL, three-necked, round-bottomed flask
was replaced with a 14/20 adapter attached to a THF bubbler via tygon tubing. A 160 oC
oil bath was applied to the 25-mL, two-necked, round-bottomed flask and the monomeric
formaldehyde thus generated was bubbled into the -30 oC lithium acetylide mixture via a
steady stream of argon. The monomeric formaldehyde polymerized on the tygon tubing,
and after 10 min the tubing was blocked. The reaction mixture was then diluted with 15
mL of saturated NH4Cl solution and allowed to warm to 25 TC. The resulting mixture
was diluted with 10 mL of Et20 and poured into 20 mL of saturated NaCl solution. The
aqueous layer was separated and extracted with two 20-mL portions of Et20, and the
combined organic phases were dried over Na2SO4, filtered, and concentrated to afford
0.662 g of an orange oil. Column chromatography on 60 g of silica gel (elution with 30%
ethyl acetate-hexane) provided 0.163 g of enyne 187 (approximately 75% pure by 1H
183
NMR analysis) and 0.292 g (48%) of propargyl alcohol 189 as an orange oil. This
alcohol was used directly in the next step.
184
TsN
189 OH
> TsN
-- CHO
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N-(4-Methyl-4-penten-2-ynyl)-N-(3-formylprop-2-ynyl)-p-toluenesulfonamide (190).
A 50-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, rubber septum, and glass stopper was charged with propargyl alcohol 189 (0.288
g, 0.907 mmol), 18 mL of methylene chloride, and the Dess-Martin reagent (0.598 g, 1.41
mmol). The reaction mixture was stirred at 25 oC for 30 min and then quenched by the
addition of 15 mL of saturated NaHCO3 solution. The organic layer was separated and
washed with 25 mL of half-saturated NaHCO3 solution and 25 mL of saturated NaCl
solution, dried over Na2SO4, filtered, and concentrated to afford 0.658 g of a light yellow
solid. Column chromatography on 21 g of silica gel (elution with methylene chloride)
provided 0.244 g (85%) of aldehyde 190 as an orange oil.
IR (CHCl3):
1H NMR (300 MHz, CDC13):
13C NMR (75 MHz, CDCl 3):
HRMS:
2920, 2860, 2260, 2200, 1655, 1600, 1430, 1350,
1295, 1140, and 900 cm-1
9.03 (s, 1H), 7.74 (d, J = 8.4 Hz, 2H), 7.32 (d, J =
8.1 Hz, 2H), 5.18 (d, J = 1.6 Hz, 1H), 5.10 (s, 1H),
4.36 (s, 2H), 4.28 (s, 2H), 2.42 (s, 3H), and 1.73 (s,
3H)
175.6, 144.3, 134.8, 129.7, 127.8, 125.6, 122.8,
88.9, 87.6, 84.4, 79.7, 37.7, 36.6, 22.9, and 21.4
Calcd for C 17H 17NSO3: 315.0929
Found: 315.0930
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N-Benzyl-N-(3-trimethylsilylprop-2-ynyl)amine (193).
A 250-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, glass stopper, and rubber septum was charged with commercially available N-
benzyl propargylamine (192)2 04 (1.48 g, 10.19 mmol) and 51 mL of THF, and the
resulting solution was cooled at -70 'C in a dry ice-acetone bath. A n-butyllithium
solution (2.56 M in hexanes, 4.0 mL, 10.24 mmol) was added dropwise via syringe over
3 min and the resulting mixture was stirred at -70 TC for 10 min. Trimethylsilyl chloride
(1.4 mL, 1.20 g, 11.0 mmol) was then added dropwise via syringe over 3 min, and the
resulting mixture was stirred at -70 TC for 2 min. The cooling bath was removed and the
reaction mixture was warmed to 25 TC and stirred for 2.5 h. Triethylamine
(approximately 0.5 mL) was added and the reaction mixture was then poured into a
separatory funnel containing 60 mL of saturated NaCl solution. The aqueous layer was
separated and extracted with two 40-mL portions of diethyl ether, and the combined
organic phases were dried over Na2SO4, filtered, and concentrated to afford 2.61 g of a
yellow oil. Column chromatography on 100 g of silica gel (elution with 20% ethyl
acetate-hexane) provided 2.14 g (96%) of amine 193 as a light yellow oil.
IR (thin film): 3310, 3060, 3020, 2950, 2890, 2830, 2160, 1490,
1450, 1320, 1250, 1105, 985, 840, 730, and
695 cm-1
1H NMR (300 MHz, CDCl3): 7.25-7.35 (m, 5H), 3.88 (s, 2H), 3.44 (s, 2H), 1.48
(br s, 1H), and 0.20 (s, 9H)
13C NMR (75 MHz, CDCl 3): 139.5, 128.4, 127.1, 104.3, 88.1, 52.3, 38.4, and
-0.03
HRMS: Calcd for C 13H1 9NSi: 217.1287
Found: 217.1287
204 Prepared by the reaction of excess N-benzylamine with propargyl chloride in DMF.
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N-Benzyl-N-(2-propynyl)-(3-trimethylsilylprop-2-ynyl)amine (194).
A 50-mL, round-bottomed flask equipped with a reflux condenser fitted with an
argon inlet adapter was charged with amine 193 (1.90 g, 8.74 mmol) and 22 mL of DMF,
and then propargyl chloride (0.32 mL, 0.326 g, 4.37 mmol) was added rapidly dropwise
via syringe. The resulting solution was then heated at 38-45 'C for 47 h, cooled to 25 oC,
and then poured into a separatory funnel containing 50 mL of aqueous 0.5% NaOH
solution. The aqueous layer was separated and extracted with two 40-mL portions of
diethyl ether, and the combined organic phases were washed with 50 mL of saturated
NaCl solution, dried over Na2SO4, filtered, and concentrated to afford 2.68 g of a brown
oil. Column chromatography on 100 g of silica gel (elution with 15% ethyl acetate-
hexane) provided 0.911 g (81%) of diyne 194 as a golden yellow oil and 0.636 g of
unreacted amine 193.
IR (thin film):
1H NMR (300 MHz, CDCl 3)
13C NMR (75 MHz, CDCl 3):
HRMS:
3300, 3080, 3055, 3020, 2950, 2920, 2890, 2810,
2170, 2150, 1490, 1450, 1420-, 1355, 1320, 1245,
1195, 1120, 1070, 1025, 980, 840, 735, and
695 cm -1
7.26-7.38 (m, 5H), 3.69 (s, 2H), 3.40 (app t, J = 2.1
Hz, 4H), 2.26 (t, J= 2.4 Hz, 1H), and 0.19 (s, 9H)
137.8, 129.3, 128.4, 127.4, 101.0, 90.1, 79.0, 73.1,
57.0, 43.0, 41.9, and 0.05
Calcd for C 16 H21NSi: 255.1443
Found: 255.1444
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N-Benzyl-N-(4-methyl-4-penten-2-ynyl)-(3-trimethylsilylprop-2-ynyl)amine (195).
A 50-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, glass stopper, and rubber septum was charged with diyne 194 (0.711 g, 2.78
mmol), and then 14 mL of diethylamine and 2-bromopropene (0.37 mL, 0.497 g, 4.17
mmol) were each added via syringe. To this solution was added copper (I) iodide (0.016
g, 0.083 mmol) and tetrakis(triphenylphosphine) palladium (0) (0.096 g, 0.083 mmol),
and the reaction mixture was stirred at 25 °C for 23 h. The resulting mixture was then
concentrated and the yellow-orange residue dissolved in 20 mL of water and 20 mL of
Et20. The aqueous layer was separated and extracted with two 20-mL portions of Et20,
and the combined organic phases were washed with 50 mL of water and 50 mL of
saturated NaCl solution, dried over Na2SO4, filtered, and concentrated to afford 1.08 g of
an orange oil. Column chromatography on 80 g of silica gel (elution with 5% ethyl
acetate-hexane) provided 0.706 g (86%) of enyne 195 as a yellow oil.
IR (thin film):
1H NMR (300 MHz, CDC13):
13C NMR (75 MHz, CDC13):
3080, 3050, 3020, 2950, 2910, 2800, 2170, 2150,
1610, 1490, 1450, 1350, 1320, 1280, 1245, 1190,
1110, 1070, 1020, 890, 840, 740, and 690 cm-1
7.25-7.39 (m, 5H), 5.30 (s, 1H), 5.22 (app t, J = 1.5
Hz, 1H), 3.70 (s, 2H), 3.50 (s, 2H), 3.41 (s, 2H),
1.91 (d, J = 0.8 Hz, 3H), and 0.20 (s, 9H)
137.9, 129.3, 128.3, 127.3, 126.7, 121.5, 101.2,
90.0, 86.5, 83.7, 56.9, 43.1, 42.8, 23.6, and 0.03
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N-Benzyl-N-(4-methyl-4-penten-2-ynyl)prop-2-ynylamine (196).
A 50-mL, round-bottomed flask equipped with an argon inlet adapter was charged
with enyne 195 (0.690 g, 2.34 mmol), 23 mL of methanol, and K2CO 3 (0.036 g, 0.257
mmol). The resulting mixture was stirred at 25 'C for 3 h and then concentrated. The
residue was dissolved in 30 mL of dichloromethane and washed with two 40-mL portions
of half-saturated NaHCO3 solution and 40 mL of saturated NaCl solution, dried over
Na2SO4, filtered, and concentrated to afford 0.790 g of a yellow oil. Column
chromatography on 50 g of silica gel (elution with 4% ethyl acetate-hexane) provided
0.470 g (90%) of enyne 196 as a pale yellow oil.
IR (thin film):
1H NMR (300 MHz, CDCl3):
13C NMR (75 MHz, CDCl3):
3290, 3080, 3050, 3020, 2940, 2910, 2800, 1610,
1490, 1450, 1370, 1320, 1280, 1240, 1190, 1110,
1070, 1020, 980, 890, 840, 750, and 695 cm-1
7.24-7.39 (m, 5H), 5.29 (s, 1H), 5.22 (s, 1H), 3.70
(s, 2H), 3.52 (s, 2H), 3.42 (d, J = 2.3 Hz, 2H), 2.71
(t, J = 2.3 Hz, 1H), and 1.91 (s, 3H)
137.9, 129.3, 128.4, 127.4, 126.6, 121.6, 86.6, 83.5,
79.0, 73.1, 57.1, 42.7, 41.9, and 23.6
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N-Benzyl-4-methyl-4-penten-2-ynylamine (198).
A 100-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, glass stopper, and rubber septum was charged with benzylamine (4.4 mL, 4.32 g,
40.3 mmol) and 36 mL of DMF.
A 25-mL, two-necked, round-bottomed flask equipped with an argon inlet adapter
and rubber septum was charged with propargylic chloride 185 (1.72 g, 13.5 mmol) and 9
mL of DMF. This solution was transferred to the amine mixture via cannula over 10 min,
and then the reaction mixture was stirred at 25 'C for 16 h. The resulting colorless
solution was diluted with 40 mL of Et20, poured into a separatory funnel containing 50
mL of 1% NaOH solution, and then the aqueous layer was separated and extracted with
two 40-mL portions of Et20. The combined organic phases were washed with 100 mL of
saturated NaCl solution, dried over Na2SO4, filtered, and concentrated to afford 4.35 g of
a light yellow oil. Column chromatography on 150 g of silica gel (elution with 10% ethyl
acetate-hexane containing 5% triethylamine) provided 2.05 g (82%) of propargylamine
198 as a light yellow oil.
IR (CHC13):
1H NMR (300 MHz, CDCl 3):
13C NMR (75 MHz, CDCl 3):
HRMS:
3322, 2922, 1607, 1490, 1447, 1370, 1322, 1282,
1092, and 895 cm -1
7.24-7.36 (m, 5H), 5.28 (s, 1H), 5.21 (app quintet, J
= 1.6 Hz, 1H), 3.88 (s, 2H), 3.54 (s, 2H), 1.90 (app
t, J = 1.2 Hz, 3H), and 1.47 (br s, 1H)
139.5, 128.3, 127.0, 126.7, 121.4, 86.5, 84.9, 52.4,
38.0, and 23.6
Calcd for C13H 15N: 185.1205
Found: 185.1203
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(±)-N-(1-Phenylethyl)-4-methyl-4-penten-2-ynylamine (204).
A 50-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, glass stopper, and rubber septum was charged with (±)-methylbenzylamine (3.4
mL, 3.20 g, 26.4 mmol) and 24 mL of DMF.
A 25-mL, two-necked, round-bottomed flask equipped with an argon inlet adapter
and rubber septum was charged with propargylic chloride 185 (0.994 g, 8.67 mmol) and 5
mL of DMF. This solution was transferred to the amine mixture via cannula over 7 min,
and then the reaction mixture was stirred at 25 TC for 42 h. The resulting colorless
solution was diluted with 30 mL of Et 20, poured into a separatory funnel containing 50
mL of 1% NaOH solution, and then the aqueous layer was separated and extracted with
two 30-mL portions of Et20. The combined organic phases were washed with 75 mL of
saturated NaCl solution, dried over Na2SO 4, filtered, and concentrated to afford 3.59 g of
a pale yellow oil. Column chromatography on 160 g of silica gel (elution with 10% ethyl
acetate-hexane containing 2% triethylamine) provided 1.50 g (87%) of propargylamine
204 as a light yellow oil.
IR (thin film):
1H NMR (300 MHz, CDC13):
13C NMR (75 MHz, CDCl3 ):
HRMS:
2960, 2930, 1610, 1490, 1445, 1368, 1285, 1110,
890, 755, and 700 cm -1
7.23-7.34 (m, 5H), 5.26 (s, 1H), 5.19 (s, 1H), 3.99
(q, J = 6.6 Hz, 1H), 3.45 (d, J = 17.1 Hz, 1H), 3.28
(d, J = 17.1 Hz, 1H), 1.89 (s, 3H), 1.54 (br s, 1H),
and 1.37 (d, J = 6.6 Hz, 3H)
144.5, 128.4, 127.1, 126.8, 126.7, 121.3, 86.7, 84.6,
56.5, 36.7, 23.9, and 23.6
Calcd for C 14H 17N: 199.1361
Found: 199.1365
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4-Methoxybut-2-ynoic acid (199).
A 100-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, glass stopper, and rubber septum was charged with methyl propargyl ether (202)
(1.0 mL, 0.83 g, 11.8 mmol) and 50 mL of THF, and the resulting solution was cooled at
-65 oC with a dry ice-acetone bath. A n-butyllithium solution (2.49 M in hexanes, 4.0
mL, 9.96 mmol) was then added dropwise via syringe over 5 min and the resulting
mixture was stirred at -65 oC for 10 min. Carbon dioxide gas was bubbled into the
solution for 5 min and then the cooling bath was removed. After 10 min, the resulting
mixture was cooled at 0 oC with an ice-water bath and quenched by the addition of 10 mL
of 1.0 M HCI solution, and then allowed to warm to 25 TC. The aqueous layer was
separated and extracted with two 20-mL portions of Et20, and the combined organic
phases were washed with 50 mL of saturated NaCl solution, dried over Na2SO4, filtered,
and concentrated to afford 0.980 g (86%) of the known acetylenic acid 199205 as a light
yellow oil.
IR (thin film): 2400-3500, 2910, 2590, 1680, 1240, 1095, 1045,
890, and 750 cm- 1
1H NMR (300 MHz, CDCl 3): 9.49 (br s, 1H), 4.29 (s, 2H), and 3.45 (s, 3H)
13C NMR (75 MHz, CDCl 3): 156.0, 85.0, 77.4, 59.3, and 58.0
205 Heaton, C. D.; Noller, C. R. J.. Am. Chem. Soc. 1949, 71, 2948.
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General Procedure A for the Synthesis of Acetylenic Amides.
N-Benzyl-N-(4-methyl-4-penten-2-ynyl)-4-methoxybut-2-ynamide (197).
A 50-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, glass stopper, and rubber septum was charged with amine 198 (0.783 g, 4.23
mmol) and 8 mL of methylene chloride.
A 10-mL, two-necked, round-bottomed flask equipped with an argon inlet adapter
and rubber septum was charged with acid 199 (0.992 g, 8.70 mmol) and 6 mL of
methylene chloride, and this solution was transferred into the amine solution rapidly
dropwise via cannula. The resulting mixture was then cooled at 0 TC in an ice-water bath
and 4-dimethylaminopyridine (0.104 g, 0.848 mmol) was added in one portion.
A 15-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, glass stopper, and rubber septum was charged with 1,3-
dicyclohexylcarbodiimide (0.888 g, 4.30 mmol) and 7 mL of methylene chloride, and
then this solution was transferred to the amine-acid mixture dropwise via cannula over 5
min. The resulting cloudy-yellow mixture was stirred at 0 TC for 3 h, and then warmed to
25 TC and stirred for 20 min. The reaction mixture was then filtered and the filtrate was
washed with two 15-mL portions of 0.5 M HCI solution, two 15-mL portions of saturated
NaHCO3 solution, and 30 mL of saturated NaCl solution, dried over Na 2SO4, filtered,
and concentrated to afford 1.55 g of a golden yellow solid. Column chromatography on
150 g of silica gel (elution with 20% ethyl acetate-hexane) provided 1.03 g (87%) of
amide 197 as a yellow oil. The 1H NMR spectrum of 197 shows both rotational isomers
in a ratio of ca. 44:56.
IR (CHC13): 3000, 2930, 2240, 1627, 1420, 1350, 1220, 1104,
and 905 cm-1
201
1H NMR (300 MHz, CDC13):
13C NMR (75 MHz, CDC13):
HRMS:
7.27-7.38 (m, 5H), 5.23-5.30 (m, 2H), 4.92 (s, 2H,
one rotamer), 4.74 (s, 2H, one rotamer), 4.37 (s, 2H,
one rotamer), 4.30 (s, 2H, one rotamer), 4.27 (s,
2H), 3.44 (s, 3H, one rotamer), 3.36 (s, 3H, one
rotamer), and 1.85-1.88 (m, 3H)
Both rotamers: 153.2, 153.1, 135.5, 135.3, 128.6,
128.5, 128.3, 127.9, 127.6, 127.5, 125.9, 125.8,
122.5, 122.3, 88.1, 87.8, 86.1, 85.5, 81.7, 81.6, 78.8,
78.6, 59.6, 58.0, 51.5, 46.8, 38.4, 33.2, 23.3, and
23.2
Calcd for C 18H 19NO2:
Found:
281.1416
281.1415
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(±)-N-(4-Methyl-4-penten-2-ynyl)-N-(1-phenylethyl)-4-methoxybut-2-ynamide (205).
Reaction of propargylic amine 204 (0.754 g, 3.79 mmol) with acetylenic acid 199
(1.04 g, 9.07 mmol), 4-dimethylaminopyridine (0.093 g, 0.760 mmol), and 1,3-
dicyclohexylcarbodiimde (0.870 g, 4.22 mmol) in 19 mL of methylene chloride was
performed according to general procedure A except that the reaction mixture was stirred
at 0 TC for 2 h. Workup and column chromatography on 130 g of silica gel (elution with
30% ethyl acetate-hexane) provided 0.834 g of a mixture of products. Further
purification by column chromatography on 84 g of silica gel (elution with 2% MeOH-
methylene chloride) provided 0.155 g of amide 205 as a yellow oil along with 0.473 g of
a mixture containing the amide. Further purification of the mixture by two additional
columns (elution with 1.4% MeOH-methylene chloride) provided 0.152 g of amide 205
as a light yellow oil, total yield 28%. The 1H NMR spectrum of 205 shows both
rotational isomers in a ratio of ca. 48:52.
1H NMR (300 MHz, CDC13):
13C NMR (75 MHz, CDCl3):
7.27-7.41 (m, 5H), 5.94 (q, J = 7.2 Hz, 1H, one
rotamer), 5.79 (q, J = 7.1 Hz, 1H, one rotamer),
5.15-5.19 (m, 2H), 4.38 (d, J = 18.5 Hz, 1H, one
rotamer), 4.34 (d, J = 17.5 Hz, 1H, one rotamer),
4.29 (s, 2H), 3.88 (d, J = 18.5 Hz, 1H, one rotamer),
3.64 (d, J = 17.4 Hz, 1H, one rotamer), 3.43 (s, 3H,
one rotamer), 3.40 (s, 3H, one rotamer), 1.77-1.88
(m, 6H, one rotamer), and 1.67 (d, J = 7.2 Hz, 3H,
one rotamer)
Both rotamers: 154.0, 153.4, 139.2, 139.0, 128.7,
128.5, 128.0, 127.8, 127.6, 127.1, 126.3, 126.1,
122.0, 121.8, 88.0, 87.7, 84.8, 84.2, 84.0, 83.7, 79.3,
79.0, 59.7, 59.6, 58.0, 57.9, 57.1, 51.6, 35.2, 31.0,
23.2, 23.1, 17.7, and 16.5
204
Hdd0 I c lji, lil,I~ ,IIlt l illi 1111111 liliiP9
jlJk('I
I, i lL
yr
ioO SO 0
N 4d
9q L 1 i 6 I I, lI,, l J Il I, I I I 11111 liii I
.
---------- ~
Ir r " tl't|! "| .
0/
I- Ph N
Ph N HO
H 198 206 0 207
General Procedure B for the Synthesis of Propynyl Amides and Esters1 17
N-Benzyl-N-(4-methyl-4-penten-2-ynyl)prop-2-ynamide (207).
A 50-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, glass stopper, and rubber septum was charged with propargyl amine 198 (0.490
g, 2.64 mmol), 8 mL of methylene chloride, propiolic acid (206) (0.39 mL, 0.444 g, 6.34
mmol), and the solution was cooled at -25 °C with a dry ice-carbon tetrachloride bath.
A 10-mL, two-necked, round-bottomed flask equipped with an argon inlet adapter
and rubber septum was charged with 1,3-dicyclohexylcarbodiimide (0.614 g, 2.97 mmol),
5.2 mL of methylene chloride, and 4-dimethylaminopyridine (0.065 g, 0.530 mmol).
This solution was transferred into the amine-acid mixture via cannula over 3 min. The
resulting mixture was stirred at -25 TC for 10 min, and then warmed to 0 TC and stirred
for 1.5 h. The reaction mixture was filtered and the filtrate was washed with two 10-mL
portions of 0.5 M HCI solution, two 10-mL portions of saturated NaHCO3 solution, and
25 mL of saturated NaCl solution, dried over Na2SO4, filtered, and concentrated to afford
0.974 g of an oily brown solid. Column chromatography on 64 g of silica gel (elution
with 20% ethyl acetate-hexane) afforded 0.584 g (93%) of amide 207 as a light yellow
oil. The 1H NMR spectrum of 207 shows both rotational isomers in a ratio of ca. 43:57.
IR (CHCl3): 3290, 2960, 2110, 1620, 1425, 1354, 1290, 1220.
1075, 1025, and 900 cm -1
1H NMR (300 MHz, CDCl3 ): 7.26-7.40 (m, 5H), 5.23-5.30 (m, 2H), 4.93 (s, 2H,
one rotamer), 4.74 (s, 2H, one rotamer), 4.26 (s, 2H,
one rotamer), 4.39 (s, 2H, one rotamer), 3.19 (s, 1H,
one rotamer), 3.17 (s, 1H, one rotamer), and 1.86-
1.88 (m, 3H)
206
13C NMR (75 MHz, CDC13): Both rotamers: 153.0, 152.9, 135.6, 135.3, 128.8,
128.7, 128.5, 128.1, 127.8, 127.7, 126.1, 125.9,
122.7, 122.5, 86.3, 85.6, 81.6, 81.5, 79.8, 79.5, 75.5,
75.2, 51.4, 46.7, 38.3, 33.2, and 23.2
HRMS: Calcd for C16H 15NO: 237.1154
Found: 237.1153
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(+±)-N-(4-Methyl-4-penten-2-ynyl)-N-(1-phenylethyl)prop-2-ynamide (208).
Reaction of amine 204 (0.753 g, 3.78 mmol) with propiolic acid (206) (0.55 mL,
0.626 g, 8.94 mmol), 4-dimethylaminopyridine (0.093 g, 0.760 mmol), and 1,3-
dicyclohexylcarbodiimide (0.827 g, 4.01 mmol) in 18 mL of methylene chloride was
performed according to general procedure A. Workup and purification by column
chromatography on 100 g of silica gel (elution with 20% ethyl acetate-hexane) provided
0.648 g of amide 208 as a yellow oil which was contaminated with 6 mol% of amine 204.
Further purification by column chromatography on 32 g of silica gel (elution with
methylene chloride) afforded 0.575 g (61%) of amide 208 as a yellow oil. The 1H NMR
spectrum of 208 shows both rotational isomers in a ratio of ca. 43:57.
IR (CHCl3):
1H NMR (300 MHz, CDCl 3):
13C NMR (75 MHz, CDC13):
HRMS:
3282, 2970, 2100, 1607, 1420, 1400, 1276, 1212,
1154, and 883 cm -1
7.27-7.41 (m, 5H), 5.92 (app q, J = 7.1 Hz, 1H, one
rotamer), 5.83 (app q, J= 7.1 Hz, 1H, one rotamer),
5.16-5.21 (m, 2H), 4.42 (d, J = 18.6 Hz, 1H, one
rotamer), 4.33 (d, J = 17.3 Hz, 1H, one rotamer),
3.89 (d, J = 18.6 Hz, 1H, one rotamer), 3.63 (d, J =
17.3 Hz, 1H, one rotamer), 3.21 (s, 1H, one
rotamer), 3.18 (s, 1H, one rotamer), 1.77-1.82 (m,
6H, one rotamer), and 1.68 (d, J = 7.4 Hz, 3H, one
rotamer)
Both rotamers: 153.5, 152.9, 139.1, 138.8, 128.7,
128.5, 128.0, 127.8, 127.6, 127.1, 126.3, 126.1,
122.1, 121.8, 85.0, 84.0, 83.8, 83.7, 79.6, 79.2, 75.9,
75.7, 57.1, 51.8, 35.3, 31.0, 23.1, 17.7, and 16.5
Calcd for C 17H 17NO: 215.1310
Found: 215.1310
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General Procedure C for the Synthesis of Acrylamides1 18
N-Benzyl-N-(4-methyl-4-penten-2-ynyl)acrylamide (210).
A 50-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, glass stopper, and rubber septum was charged with acryloyl chloride (209) (0.21
mL, 0.234 g, 2.59 mmol) and 15 mL of methylene chloride, and the resulting solution
was cooled at -78 TC in a dry ice-acetone bath.
A 25-mL, two-necked, round-bottomed flask equipped with an argon inlet adapter
and rubber septum was charged with amine 198 (0.473 g, 2.55 mmol), 9 mL of methylene
chloride, and triethylamine (0.39 mL, 0.284 g, 2.80 mmol). This solution was transferred
into the acid chloride mixture via cannula over 6 min. The resulting mixture was stirred
at -78 'C for 55 min, and then warmed to 25 'C and stirred for 2.5 h. The colorless
reaction mixture was diluted with 20 mL of saturated NaHCO 3 solution and 10 mL of
methylene chloride, and then the aqueous layer was separated and extracted with two 15-
mL portions of methylene chloride. The combined organic layers were washed with 50
mL of saturated NaCl solution, dried over Na2SO4, filtered, and concentrated to afford
0.568 g of a colorless oil. Column chromatography on 57 g of silica gel (elution with
20% ethyl acetate-hexane) afforded 0.449 g of amide 210 as a light yellow oil which was
contaminated with ca. 8 mol% amine 198. Further purification on 42 g of silica gel
(elution with 2% ethyl acetate-methylene chloride) provided 0.334 g (55%) of amide 210
as a pale yellow oil. The 1H NMR spectrum of 210 shows both rotational isomers in a
ratio of ca. 44:56.
IR (CHC13): 2990, 1637, 1610, 1427, 1345, 1210, and 900 cm 1
211
1H NMR (300 MHz, CDC13):
13C NMR (75 MHz, CDC1 3):
HRMS:
7.22-7.38 (m, 5H), 6.40-6.72 (m, 2H), 5.70-5.79 (br
m, 1H), 5.20-5.26 (br m, 2H), 4.74 (s, 2H), 4.42 (s,
2H, one rotamer), 4.11 (s, 2H, one rotamer), and
1.83 (s, 3H)
Both rotamers: 166.5, 166.4, 136.7, 136.4, 129.2,
128.8, 128.7, 128.5, 128.4, 127.6, 127.5, 127.4,
126.6, 126.2, 125.9, 122.6, 122.1, 122.0, 85.8, 85.2,
82.9, 82.5, 50.1, 48.7, 37.3, 35.3, and 23.2
Calcd for C 16H17NO:
Found:
239.1310
239.1311
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4-Methyl-4-penten-2-ynyl Propiolate (211).
The reaction of alcohol 184 (0.805 g, 8.37 mmol) with propiolic acid (206) (1.3
mL, 1.48 g, 21.1 mmol), 4-dimethylaminopyridine (0.205 g, 1.67 mmol), and 1,3-
dicyclohexylcarbodiimide (1.98 g, 9.61 mmol) in 42 mL of methylene chloride was
performed according to general procedure B except that the reaction mixture was stirred
at -23 TC for 10 min, warmed to 0 TC and stirred for 1.5 h, and then warmed to 25 TC and
stirred for 30 min. Workup and purification by column chromatography on 100 g of
silica gel (elution with 5% ethyl acetate-hexane) provided 0.989 g (80%) of ester 211 as a
colorless oil.
IR (CHC13):
1H NMR (300 MHz, CDC13):
13C NMR (75 MHz, CDC13):
HRMS:
3300, 3010, 2950, 2225, 2120, 1718, 1610, 1432,
1365, 1290, 1210, 955, and 902 cm -1
5.36 (s, 1H), 5.30 (app t, J = 1.6 Hz, 1H), 4.91 (s,
2H), 2.95 (s, 1H), and 1.89 (d, J = 1.1 Hz, 3H)
151.9, 125.6, 123.5, 88.6, 80.4, 75.7, 74.0, 54.2, and
23.0
Calcd for C9H80 2: 148.0524
Found: 148.0522
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3-Bromoprop-2-yn-1-ol (212).
A 100-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, rubber septum, and glass stopper was charged with propargyl alcohol (0.60 mL,
5.78 g, 10.3 mmol), 67 mL of acetone, N-bromosuccinimide (2.02 g, 11.33 mmol), and
silver nitrate (0.175 g, 1.03 mmol). The resulting mixture was stirred at 25 oC for 4 h and
then was diluted with 20 mL of diethyl ether and 20 mL of water. The aqueous layer was
separated and extracted with two 30-mL portions of diethyl ether, and the combined
organic phases were washed with 60 mL of saturated NaCl solution, dried over Na2SO 4,
filtered, and concentrated to afford 4.92 g of a yellow oil. Column chromatography on 70
g of silica gel (elution with 25% Et20-pentane) provided 1.37 g (98%) of the known
bromoacetylene 212119 as a light yellow oil (approximately 95% pure by 1H NMR
analysis).
IR (thin film): 3260-3400, 2970, 2920, 2860, 2215, 1050, and 985
cm-1
1H NMR (300 MHz, CDC13): 4.29 (d, J = 3.8 Hz, 2H) and 3.55 (br s, 1H)
13C NMR (75 MHz, CDC13): 78.1, 51.3, and 45.4
216
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4-Methyl-4-hexen-2-yn-1-ol (214).
Borane synthesis: A 100-mL, three-necked, round-bottomed flask equipped with
an argon inlet adapter, glass stopper, and rubber septum was charged with a solution of 9-
BBN (45.6 mL, 0.5 M in THF, 22.8 mmol) and cooled at 0 oC in an ice-water bath. After
10 min, 2-butyne (3.0 mL, 2.10 g, 38.8 mmol) was added dropwise via syringe. The
resulting mixture was stirred at 0 oC for 1.5 h, and then the flask was sealed and placed in
a refrigerator (0-4 °C) for 24 h.
A 250-mL, three-necked, round-bottomed flask equipped with a reflux condenser
fitted with an argon inlet adapter, a glass stopper, and a rubber septum was charged with
3-bromo-2-propyn-1-ol (212) (1.19 g, 8.81 mmol), 44 mL of THF, and Pd(PPh 3)4 (0.204
g, 0.176 mmol). The resulting mixture was stirred at 25 TC for 20 min, and then the
borane solution and NaOMe solution (24.5 mL, 0.5 M solution in methanol, 12.2 mmol)
were each added via cannula over 5 min. The resulting mixture was heated at reflux for
22 h and then cooled at 0 TC in an ice-water bath. A solution of 12 mL of 3 N NaOH
solution and 12 mL of 30% H20 2 was then added portion wise over 3 minutes, and the
resulting mixture was stirred at 25 oC for 1 h. The reaction mixture was diluted with 30
mL of water and 30 mL of diethyl ether, and the aqueous layer was separated and
extracted with three 30-mL portions of diethyl ether. The combined organic phases were
washed with 75 mL of water and 75 mL of saturated NaCl solution, dried over Na2SO4,
filtered, and concentrated to afford 4.20 g of an orange oil. Column chromatography on
98 g of silica gel (elution with 15% ethyl acetate-hexane) provided 0.525 g of alcohol 214
as a yellow oil (-54%, yield, approximately 85% pure by 1H NMR analysis).
217
IR (thin film):
1H NMR (300 MHz, CDC13):
13C NMR (75 MHz, CDC13):
3400-3200, 3015, 2910, 2850, 2200, 1435, 1375,
1240, 1100, 1045, 1005, 905, and 825 cm -1
5.93 (qd, J = 7.0, 1.5 Hz, 1H), 4.36 (d, J = 4.1 Hz,
2H), 2.31 (br s, 1H), 1.77 (s, 3H), and 1.69 (dd, J=
7.0 Hz, 0.5 Hz, 3H)
133.0, 117.8, 88.6, 83.5, 51.4, 16.7, and 13.9
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4-Methyl-4-hexen-2-ynyl Propiolate (215).
The reaction of alcohol 214 (0.668 g, 6.01 mmol) with propiolic acid (206) (0.93
mL, 1.05 g, 15.0 mmol), 4-dimethylaminopyridine (0.147 g, 1.20 mmol), and 1,3-
dicyclohexylcarbodiimide (1.47 g, 7.15 mmol) in 30 mL of methylene chloride was
performed according to general procedure B except that the reaction mixture was stirred
at -30 'C for 10 min, warmed to 0 TC and stirred for 1.5 h, and then warmed to 25 TC and
stirred for 20 min. Workup and purification by column chromatography on 90 g of silica
gel (elution with 5% ethyl acetate-hexane) provided 0.308 g (36%) of pure ester 215 as a
light yellow oil and 0.366 g (43%) of ester 215 (approximately 85% pure by 1H NMR
analysis).
IR (thin film):
1H NMR (300 MHz, CDCl3):
13C NMR (75 MHz, CDCl3):
3290, 3010, 2925, 2855, 2230, 2120, 1710, 1440,
1370, 1220, 1110, 1010, 990, 955, 835, and
755 cm-1
5.98 (qd, J = 7.1, 1.3 Hz, 1H), 4.90 (s, 2H), 2.95 (s,
1H), 1.77 (s, 3H), and 1.69 (d, J = 7.1 Hz, 3H)
151.9, 134.5, 117.4, 90.6, 77.7, 75.5, 74.1, 54.5,
16.4, and 14.0
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5-Methyl-5-hexen-3-yn-1-ol (216).
A 250-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, glass stopper, and rubber septum was charged with 100 mL of diethylamine, 2-
bromopropene (2.80 mL, 3.81 g, 31.5 mmol), 3-butyn-1-ol (1.60 mL, 1.48 g, 21.1 mmol),
copper (I) iodide (0.061 g, 0.320 mmol), and tetrakis(triphenylphosphine) palladium (0)
(0.728 g, 0.630 mmol), and the resulting yellow mixture was stirred at 25 TC for 20 h.
The reaction mixture was then concentrated and the yellow residue was dissolved in 100
mL of Et20 and a solution of 25 g of NH4Cl in 125 mL of water. The aqueous layer was
separated and extracted with three 50-mL portions of Et20, and the combined organic
phases were washed with saturated NaCl solution, dried over Na2SO4, filtered, and
concentrated to afford 2.91 g of an orange oil. Column chromatography on 180 g of
silica gel (gradient elution with 0-20% ethyl acetate-hexane) provided 1.98 g (85%) of
alcohol 216206 as an orange oil.
IR (CHC13):
13C NMR (75 MHz, CDC13):
3590, 2945, 2890, 2220, 1608, 1430, 1370, 1325,
1215, 1032, and 895 cm-1
126.7, 121.0, 85.4, 83.2, 60.8, 23.5, and 23.3
2065-Methyl-5-hexen-3-yn-l-ol is commercially available.
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5-Methyl-5-hexen-3-ynyl-1-p-toluenesulfonate (219).
A 100-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, glass stopper, and rubber septum was charged with alcohol 216 (1.28 g, 11.6
mmol) and 28 mL of methylene chloride, and the resulting solution was cooled at 0 oC
with an ice-water bath. Pyridine (1.2 mL, 1.17 g, 14.8 mmol) was then added followed
by p-toluenesulfonyl chloride (2.44 g, 12.8 mmol) in portions over 3 min. The reaction
mixture was allowed to gradually warm to 25 TC and stirred for 95 h. The resulting
orange mixture was diluted with 15 mL of methylene chloride, and then washed with two
30-mL portions of 0.6 M HCI solution, 30 mL of water, and 30 mL of saturated NaCl
solution, dried over Na2SO4, filtered, and concentrated to afford 3.19 g of a golden
yellow-orange oil. Column chromatography on 175 g of silica gel (elution with 56%
petroleum ether-methylene chloride) provided 2.19 g (71%) of tosylate 219 as a slightly
yellow oil.
IR (CHC13):
1H NMR (300, MHz, CDCl 3):
13C NMR (CDCl3):
HRMS:
2890, 1594, 1360, 1172, 1092, 975, and 900 cm -1
7.81 (d, J = 8.2 Hz, 2H), 7.35 (d, J = 8.6 Hz, 2H),
5.17-5.18 (m, 2H), 4.10 (t, J = 6.9 Hz, 2H), 2.67 (t,
J = 7.2 Hz, 2H), 2.45 (s, 3H), and 1.82 (s, 3H)
144.9, 132.9, 129.8, 127.9, 126.5, 121.6, 83.8, 82.7,
67.7, 23.4, 21.6, and 20.1
Calcd for C 14H 16SO3: 264.0820
Found: 264.0821
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N-Benzyl-5-methyl-5-hexen-3-ynylamine (218).
A 100-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, glass stopper, and rubber septum was charged with benzylamine (2.50 mL, 2.45
g, 22.9 mmol) and 22 mL of DMF.
A 10-mL, two-necked, round-bottomed flask equipped with an argon inlet adapter
and rubber septum was charged with the tosylate 219 (2.04 g, 7.72 mmol) and 7 mL of
DMF, and this solution was transferred to the amine solution dropwise via cannula over 7
min. The reaction mixture was stirred at 25 °C for 88.5 h. The resulting mixture was
diluted with 25 mL of Et20 and the solution was transferred to a separatory funnel
containing 50 mL of 1% NaOH solution, and then the aqueous layer was separated and
extracted with 30 mL of Et20. The combined organic phases were washed with 50 mL
of saturated NaCl solution, dried over Na2SO4, filtered, and concentrated to afford 2.37 g
of a yellow oil. Column chromatography on 180 g of silica gel (elution with 8% ethyl
acetate-hexane containing 2% triethylamine) provided 1.19 g (77%) of a 36:1 mixture of
amine 218 and tosylate 219 as a yellow oil.
IR (CH2C12):
1H NMR (300 MHz, CDC13):
13C NMR (75 MHz, CDC13):
HRMS:
3300, 2900, 2820, 2210, 1600, 1440, 1360, 1270,
1175, 1110, and 890 cm- 1
7.22-7.33 (m, 5H), 5.21 (s, 1H), 5.15 (t, J = 1.5 Hz,
1H), 3.82 (s, 2H), 2.80 (app t, J = 6.5 Hz, 2H), 2.53
(app t, J = 6.6 Hz, 2H), 1.86 (d, J = 1.6 Hz, 3H), and
1.54 (br s, 1H)
140.2, 128.4, 128.1, 127.0, 126.9, 120.8, 86.9, 83.1,
53.3, 47.6, 23.7, and 20.4
Calcd for C14H17N: 199.1361
Found: 199.1360
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(±)-N-(1-Phenylethyl)-5-methyl-5-hexen-3-ynylamine (220).
A 100-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, glass stopper, and rubber septum was charged with (±)-N-benzyl-(1-
phenylethyl)amine (3.1 mL, 2.91 g, 24.0 mmol) and 22 mL of DMF.
A 10-mL, two-necked, round-bottomed flask equipped with an argon inlet adapter
and rubber septum was charged with tosylate 219 (2.09 g, 7.91 mmol) and 7 mL of DMF,
and this solution was transferred to the amine solution dropwise via cannula over 10 min.
The reaction mixture was stirred at 25 TC for 133 h. The resulting mixture was diluted
with 25 mL of Et20 and the solution was transferred to a separatory funnel containing 50
mL of 1% NaOH solution, and then the aqueous layer was separated and extracted with
two 30-mL portions of Et20. The combined organic phases were washed with 50 mL of
saturated NaCl solution, dried over Na2SO4, filtered, and concentrated to afford 3.23 g of
a pale yellow oil. Column chromatography on 161 g of silica gel (elution with 8% ethyl
acetate-hexane containing 2% triethylamine) provided 1.35 g (69% yield of the amine) of
a 8:1 mixture of amine 220 and tosylate 219 as a yellow oil.
1H NMR (300 MHz, CDCl3): 7.36-7.21 (m, 5H), 5.21 (s, 1H), 5.16 (s, 1H), 3.81
(q, J = 6.5 Hz, 1H), 4.63 (m, 2H), 2.46 (m, 2H),
1.87 (s, 3H), 1.58 (br s, 1H), and 1.36 (d, J = 6.7
Hz, 3H)
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N-Benzyl-N-(5-methyl-5-hexen-3-ynyl)-4-methoxybut-2-ynamide (221).
Reaction of amine 218 (0.226 g, 1.13 mmol) with acid 199 (0.302 g, 2.65 mmol),
4-dimethylaminopyridine (0.028g, 0.230 mmol), and 1,3-dicyclohexylcarbodiimide
(0.259 g, 1.25 mmol) in 5.6 mL of methylene chloride was performed according to
general procedure A except that the reaction mixture was stirred at 0 oC for 2.5 h, and
then warmed to 25 'C and stirred for 30 min. Workup and purification by column
chromatography on 44 g of silica gel (elution with 25% ethyl acetate-hexane) provided
0.289 g (86%) of amide 221 as a yellow oil. The 1H NMR spectrum of 221 shows both
rotational isomers in a ratio of ca. 45:55.
IR (CHCl3):
1H NMR (300 MHz, CDCl3):
13C NMR (75 MHz, CDC13):
HRMS:
2990, 2930, 2230, 1620, 1425, 1355, 1290, 1220,
1105, and 900 cm -1
7.25-7.40 (m, 5H), 5.23 (s, 1H), 5.18 (d, J= 1.6 Hz,
1H), 4.92 (s, 2H, one rotamer), 4.71 (s, 2H, one
rotamer), 4.29 (s, 2H, one rotamer), 4.24 (s, 2H, one
rotamer), 3.67 (t, J = 7.0 Hz, 2H, one rotamer), 3.47
(t, J = 7.0 Hz, 2H, one rotamer), 3.43 (s, 3H, one
rotamer), 3.33 (s, 3H, one rotamer), 2.52-2.60 (m,
2H), and 1.86 (s, 3H)
Both rotamers: 154.1, 153.9, 136.2, 136.0, 128.8,
128.6, 128.0, 127.9, 127.6, 127.3, 126.7, 126.5,
121.3, 121.0, 87.6, 87.3, 85.9, 84.7, 84.1, 83.2, 79.1,
79.0, 59.6, 57.9, 53.3, 47.5, 46.7, 43.2, 23.5, 23.4,
19.8, and 17.9
Calcd for C19H21NO2: 295.1572
Found: 295.1573
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N-Benzyl-N-(5-methyl-5-hexen-3-ynyl)prop-2-ynamide (222).
Reaction of amine 218 (0.665 g, 3.34 mmol) with propiolic acid (206) (0.49 mL,
0.558 g, 7.96 mmol), 4-dimethylaminopyridine (0.082 g, 0.671 mmol), and 1,3-
dicyclohexylcarbodiimide (0.763 g, 3.70 mmol) in 15.6 mL of methylene chloride was
performed according to general procedure A except that the reaction mixture was stirred
at 0 'C for 1.5 h, and then warmed to 25 'C and stirred for 25 min. Workup and
purification by column chromatography on 84 g of silica gel (elution with 20% ethyl
acetate-hexane) provided 0.643 g (77%) of amide 222 as a yellow oil. The 1H NMR
spectrum of 222 shows both rotational isomers in a ratio of ca. 46:54.
IR (CHCl3):
1H NMR (300 MHz, CDCl 3):
13C NMR (75 MHz, CDCl 3):
HRMS:
3300, 2990, 2930, 2108, 1620, 1425, 1368, 1295,
1220, 1160, 1080, and 900cm -1
7.25-7.41 (m, 5H), 5.22-5.24 (m, 1H), 5.17-5.19 (m,
1H), 4.94 (s, 2H, one rotamer), 4.71 (s, 2H, one
rotamer), 3.68 (t, J = 7.0 Hz, 2H, one rotamer), 3.47
(t, J = 6.9 Hz, 2H, one rotamer), 3.16 (s, 1H, one
rotamer), 3.13 (s, 1H, one rotamer), 2.52-2.60 (m,
2H), and 1.86-1.87 (m, 3H)
Both rotamers: 153.6, 153.4, 136.0, 135.8, 128.8,
128.6, 128.0, 127.9, 127.6, 127.4, 126.6, 126.5,
121.9, 121.0, 85.7, 84.7, 84.1, 83.2, 79.2, 79.0, 75.7,
75.6, 53.2, 47.5, 46.6, 43.1, 23.4, 23.3, 19.4, and
17.7
Calcd for C17H17NO: 251.1310
Found: 251.1310
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(+)-N-(5-Methyl-5-hexen-3-ynyl)-N-(1-phenylethyl)prop-2-ynamide (223).
Reaction of a 8:1 mixture of amine 220 and tosylate 219 (0.295 g, 1.20 mmol of
amine) with propiolic acid (206) (0.18 mL, 0.205 g, 2.92 mmol), 4-
dimethylaminopyridine (0.030 g, 0.250 mmol), and 1,3-dicyclohexylcarbodiimide (0.283
g, 1.37 mmol) in 6 mL of methylene chloride was performed according to general
procedure A except that the reaction mixture was stirred at 0 OC for 1.5 h, and then
warmed to 25 OC and stirred for 25 min. Workup and purification by column
chromatography on 48 g of silica gel (elution with 20% ethyl acetate-hexane) provided
0.203 g (64%) of amide 223 as a golden yellow oil. The 1H NMR spectrum of 223 shows
both rotational isomers in a ratio of ca. 42:58.
IR (thin film):
1H NMR (300 MHz, CDC13):
13C NMR (75 MHz, CDC13):
HRMS:
3270, 3210, 2975, 2945, 2216, 2100, 1620, 1415,
1375, 1296, 1202, 1166, 1030, 900, 740, and 700
cm-
1
7.26-7.42 (m, 5H), 5.91 (q, J = 7.1 Hz, 1H, one
rotamer), 5.78 (q, J = 7.0 Hz, 1H, one rotamer),
5.12-5.19 (m, 2H), 3.31-3.61 and 3.08-3.18 (m, 2H),
3.17 (s, 1H, one rotamer), 3.15 (s, 1H, one rotamer),
2.17-2.31 (m, 1H, one rotamer), 2.35-2.53 (m, 1H,
one rotamer), 1.81-1.84 (m, 3H), 1.68 (d, J = 7.0
Hz, 3H, one rotamer), and 1.59 (d, J = 7.2 Hz, 3H,
one rotamer)
Both rotamers: 153.8, 153.4, 139.5, 139.2, 128.7,
128.6, 128.1, 127.9, 127.5, 127.0, 126.9, 126.7,
121.2, 121.9, 121.0, 120.9, 120.8, 85.8, 84.8, 83.9,
83.2, 79.1, 78.8, 76.2, 75.9, 56.8, 51.3, 44.2, 41.4,
23.5, 23.4, 21.3, 18.6, 17.6, and 16.6
Calcd for C 18H 19NO: 265.1467
Found: 265.1466
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5-Methyl-5-hexen-3-ynyl Propiolate (224).
Reaction of alcohol 216 (0.806 g, 7.31 mmol) with propiolic acid (206) (1.1 mL,
1.25 g, 17.9 mmol), 4-dimethylaminopyridine (0.179 g, 1.46 mmol), and 1,3-
dicyclohexylcarbodiimide (1.73 g, 8.36 mmol) in 36 mL of methylene chloride was
performed according to general procedure B except that the reaction mixture was stirred
at -25 OC for 15 min, warmed to 0 OC and stirred for 2.5 h, and then warmed to 25 OC and
stirred for 30 min. Workup and purification by column chromatography on 100 g of
silica gel (elution with 5% ethyl acetate-hexane) provided 0.725 g (61%) of ester 224 as a
colorless oil.
IR (CHC13):
1H NMR (300 MHz, CDC13):
13C NMR (75 MHz, CDC13):
HRMS:
3290, 2950, 2120, 1712, 1610, 1430, 1375, 1220,
985, and 897 cm -1
5.25 (s, 1H), 5.19 (d, J = 1.4 Hz, 1H), 4.31 (t, J =
7.0 Hz, 2H), 2.96 (s, 1H), 2.70 (t, J = 7.1 Hz, 2H),
and 1.87 (s, 3H)
152.3, 126.6, 121.5, 83.6, 83.5, 75.1, 74.3, 63.8,
23.4, and 19.4
Calcd for C 10H 100 2: 162.0681
Found: 162.0679
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(±)-N-(5-Methyl-5-hexen-3-ynyl)-N-(1-phenylethyl)acrylamide (225).
Reaction of and 8:1 mixture of the amine 220-tosylate 219 (0.461 g, 1.87 mmol of
the amine) with acryloyl chloride (209) (0.16 mL, 0.178 g, 1.91 mmol), and triethylamine
(0.29 mL, 0.213 g, 2.1 mmol) in 18 mL of methylene chloride was performed according
to general procedure C. Workup and purification by column chromatography on 55 g of
silica gel (elution with 20% ethyl acetate-hexane) provided 0.422 g (84%) of amide 225
as a light yellow oil.
IR (CHC13):
1H NMR (300 MHz, CDC13):
13C NMR (75 MHz, CDC13):
HRMS:
2980, 1635, 1605, 1425, 1370, 1280, 1220, 1160,
1030, 970, and 900 cm -1
7.27-7.38 (m, 5H), 6.60-6.69 (m, 1H), 6.32-6.51 (br
m, 1H), 6.06-6.11 (br m, 1H, one rotamer), 5.68-
5.78 (br m, 1H), 5.14-5.23 (br m, 2H + 1H, one
rotamer), 3.14-3.49 (br m, 2H), 2.11-2.53 (br m,
2H), 1.82 (s, 3H, one rotamer), 1.81 (s, 3H, one
rotamer), and 1.51-1.68 (br m, 3H)
Both rotamers (peaks are very broad): 166.2, 140.5,
140.4, 128.8, 128.5, 128.2, 127.9, 127.6, 127.3,
127.2, 127.0, 126.9, 126.8, 126.7, 121.3, 121.1,
120.7, 86.5, 84.7, 84.6, 83.9, 55.4, 51.1, 42.7, 42.4,
23.5, 21.7, 19.0, 18.4, and 16.5
Calcd for C 18H21NO: 267.1623
Found: 267.1625
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N-Benzyl-N-(5-methyl-5-hexen-3-ynyl)acrylamide (226).
The reaction of amine 218 (0.540 g, 2.71 mmol) with acryloyl chloride (209)
(0.23 mL, 0.256 g, 2.75 mmol) and triethylamine (0.42 mL, 0.306 g, 3.03 mmol) was
performed according to general procedure C except that the reaction mixture was stirred
at -78 "C for 50 min, and then warmed to 25 OC and stirred for 1.5 h. Workup and
column chromatography on 60 g of silica gel (elution with 20% ethyl acetate-hexane)
provided 0.490 g (72%) of amide 226 as a light yellow oil. The 1H NMR spectrum of
226 shows both rotational isomers in a ratio of ca. 48:52.
IR (CHC13):
1H NMR (300 MHz, CDCl 3):
13C NMR (75 MHz, CDC13):
HRMS:
2980, 1610, 1430, 1365, 1200, 965, and 900 cm-1
7.17-7.38 (m, 5H), 6.39-6.77 (m, 2H), 5.76 (dd, J=
1.9, 10.4 Hz, 1H, one rotamer), 5.67 (dd, J = 2.3,
10.1 Hz, 1H, one rotamer), 5.19-5.27 (m, 2H), 4.74
(s, 2H, one rotamer), 4.73 (s, 2H, one rotamer), 3.59
(t, J = 7.0 Hz, 2H, one rotamer), 3.50 (t, J = 7.0 Hz,
2H, one rotamer), 2.63 (t, J = 7.0 Hz, 2H, one
rotamer), 2.52 (t, J = 7.0 Hz, 2H, one rotamer), and
1.85 (s, 3H)
Both rotamers: 166.7, 166.4, 136.7, 128.8, 128.5,
128.4, 127.9, 127.8, 127.5, 127.3, 126.8, 126.4,
126.2, 121.3, 120.8, 86.4, 84.7, 84.1, 83.0, 52.0,
48.8, 45.7, 45.6, 23.5, 23.3, 19.7, and 18.3
Calcd for C 17H 19NO: 253.1467
Found: 253.1466
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Methyl 3-[N-(Methoxycarbonyl)aniline]propiolate (239).
A 10-mL, two-necked, round-bottomed flask equipped with an argon inlet adapter
and rubber septum was charged with a sodium hydride dispersion (60% in mineral oil,
0.041 g, 1.03 mmol) and 2.6 mL of DMF.
A 10-mL, pear flask equipped with a rubber septum and argon inlet needle was
charged with N-(methoxycarbonyl)aniline (238)137 (0.100 g, 0.662 mmol) and 2.8 mL of
DMF. This solution was transferred to the sodium hydride suspension dropwise via
cannula over 3 min and the resulting mixture was stirred at 25 OC for 50 min, placed in a
50 'C oil bath and heated for 35 min, and then cooled to 25 OC.
A 15-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, glass stopper, and rubber septum was charged with methyl 3-bromopropiolate
(230)138 (Caution: severe lachrymator) (0.202 g, 1.24 mmol) and 1.2 mL of DMF, and
then the solution was cooled at 0 OC with an ice-water bath. The carbamate anion
solution was then added dropwise via cannula over 10 min, and the reaction mixture was
stirred at 0-4 OC for 5 days. The resulting brown mixture was poured into 15 g of ice-
water, diluted with 10 mL of Et20, and then the aqueous layer was separated and
extracted with two 10-mL portions of Et20. The combined organic phases were washed
with 30 mL of water and 30 mL of saturated NaCl solution, dried over Na2SO4, filtered,
and concentrated to afford 0.150 g of a brown solid. Column chromatography on 15 g of
silica gel (elution with 15% ethyl acetate-hexane) provided 0.086 g (56%) of ynamine
239 as a light yellow solid. An analytical sample was obtained by recrystallization from
hexane-methylene chloride as a white solid, mp 132.5-134 OC.
241
IR (CHC13):
1H NMR (300 MHz, CDC13):
13C NMR (75 MHz, CDC13):
HRMS:
2210, 1760, 1702, 1490, 1435, 1372, 1285, and
1160 cm- 1
7.26-7.43 (m, 5H), 3.93 (s, 3H), and 3.78 (s, 3H)
154.6, 154.0, 137.6, 129.3, 128.1, 124.9, 81.8, 65.6,
55.0, and 52.4
Calcd for C 12H 11NO4:
Found:
233.0688
233.0687
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N-(Methoxycarbonyl)-2-(3-methyl-3-buten-1-ynyl)aniline (241).
A 250-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, glass stopper, and rubber septum was charged with N-(methoxycarbonyl)-2-
iodoaniline (240)142 (2.60 g, 9.38 mmol), and then 47 mL of diethylamine and 3-methyl-
3-buten-1-yne (183) (1.34 mL, 0.930 g, 14.07 mmol) were rapidly added via syringe. To
this solution was added copper (I) iodide (0.039 g, 0.205 mmol) and
tetrakis(triphenylphosphine) palladium (0) (0.325 g, 0.281 mmol), and the reaction
mixture was stirred at 25 OC for 21 h. The resulting mixture was then concentrated and
the yellow-orange residue dissolved in 50 mL of water and 50 mL of Et20. The aqueous
layer was separated and extracted with two 30-mL portions of Et20, and the combined
organic phases were washed with 75 mL of water and 75 mL of saturated NaCl solution,
dried over Na2SO4, filtered, and concentrated to afford 2.55 g of an orange oil. Column
chromatography on 110 g of silica gel (elution with 5% ethyl acetate-hexane) provided
1.96 g (97%) enyne 241 as a yellow oil.
IR (CHC13): 3400, 2950, 1730, 1580, 1520, 1450, 1310, 1220,
1065, and 900 cm -1
1H NMR (300 MHz, CDC13): 8.14 (br d, J = 8.4 Hz, 1H), 7.26-7.39 (m, 3H), 6.96-
7.02 (m, 1H), 5.45 (s, 1H), 5.36 (app t, J = 1.6 Hz,
1H), 3.80 (s, 3H), and 2.02 (d, J = 1.1 Hz, 3H)
13C NMR (75 MHz, CDC13): 153.6, 138.9, 131.6, 126.2, 129.6, 122.8, 122.5,
117.5, 111.3, 97.5, 83.2, 52.4, and 23.4
HRMS: Calcd for C 13H 13NO2 : 215.0946
Found: 215.0950
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N-[2-(3-Methyl-3-buten-1-ynyl)phenyl]-p-toluenesulfonamide (243).
A 100-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, glass stopper, and rubber septum was charged with N-(2-iodophenyl)-p-
tolylsulfonamide (242)207 (1.00 g, 2.68 mmol), and then 25 mL of benzene, 3-methyl-3-
buten-1-yne (183) (0.38 mL, 0.264 g, 3.99 mmol), and diethylamine (1.3 mL, 0.919 g,
12.6 mmol) were rapidly added via syringe. To this solution was added copper (I) iodide
(0.008 g, 0.042 mmol) and tetrakis(triphenylphosphine)palladium (0) (0.093 g, 0.080
mmol), and the reaction mixture was stirred at 25 OC for 22.5 h. The resulting yellow
mixture was poured into 30 mL of saturated NH 4Cl solution and diluted with 30 mL of
Et20, and then the aqueous layer was separated and extracted with 30 mL of Et20. The
combined organic phases were washed with 50 mL of water and 50 mL of saturated NaCl
solution, dried over Na2SO4, filtered, and concentrated to afford 1.15 g of a cloudy,
orange-yellow oil. Column chromatography on 100 g of silica gel (elution with 10%
ethyl acetate-hexane) provided 0.084 g (10%) of enyne 243 as a light yellow solid, mp
108.5-110 OC, and 0.758 g of a 82:18 mixture of 242 and 243 as an orange oil.
1H NMR (300 MHz, CDC13): 7.65 (d, J= 8.3 Hz, 2H), 7.51-7.66 (m, 1H), 7.28 (d,
J = 8.5 Hz, 2H), 7.21 (app t, J = 7.6 Hz, 2H), 7.09
(s, 1H), 7.02 (app td, J = 7.6, 1.7 Hz, 1H), 5.39 (s,
1H), 5.36-5.38 (m, 1H), 2.36 (s, 3H), and 1.97 (app
t, J = 1.7 Hz, 3H)
207 Prepared by reacting 2-iodoaniline with tosyl chloride and pyridine in methylene chloride. For spectral
data; see: Luo, F-T.; Wang, R-T. Heterocycles, 1991, 32, 2365.
246
13C NMR (75 MHz, CDC13): 144.0, 137.5, 136.1, 131.9, 129.6, 129.5, 127.2,
125.9, 124.5, 123.4, 120.1, 114.5, 97.3, 82.7, 23.3,
and 21.5
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N-(tert-Butoxycarbonyl)-2-iodoaniline (245).
A 50-mL, three-necked, round-bottomed flask equipped with a reflux condenser
fitted with an argon inlet adapter, glass stopper, and rubber septum was charged with 2-
iodobenzoic acid (244) (1.56 g, 6.30 mmol) and 13 mL of THF, and then tert-butanol (1.2
mL, 0.930 g, 12.55 mmol) and triethylamine (0.88 mL, 0.637 g, 6.30 mmol) were added
via syringe. Diphenylphosphoryl azide (1.4 mL, 1.79 g, 6.30 mmol) was added dropwise
via syringe over 2 min, and then the resulting pale yellow mixture was heated at reflux
for 1 h. After cooling to 25 OC, the reaction mixture was diluted with 40 mL of ethyl
acetate, and then washed with two 30-mL portions of water and 40 mL of saturated NaCl
solution, dried over Na2SO4, filtered, and concentrated to afford 2.20 g of a cloudy, pale-
yellow oil, with 1H NMR data identical with that reported previously. 144 The crude
iodide 245 was used in the next step without purification.
249
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N-(tert-Butoxycarbonyl)-2-(3-methyl-3-buten-1-ynyl)aniline (246).
A 50-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, glass stopper, and rubber septum was charged with the crude iodide 245 (2.12 g,
6.30 mmol), and then 15 mL of diethylamine and 3-methyl-3-buten-1-yne (0.90 mL,
0.625 g, 9.45 mmol) were rapidly added via syringe. To this solution was added
bis(triphenylphosphine)palladium (II) chloride (0.088 g, 0.126 mmol) and copper (I)
iodide (0.024 g, 0.126 mmol), and then the reaction mixture was stirred at 25 OC for 17 h.
The resulting orange mixture was concentrated and the orange residue dissolved in 20 mL
of Et20 and 20 mL of water. The aqueous layer was separated and extracted with two
20-mL portions of Et20, and the combined organic phases were washed with 50 mL of
saturated NaCl solution, dried over Na2SO4, filtered, and concentrated to afford 1.93 g of
a dark orange oil. Column chromatography on 100 g of silica gel (elution with 38%
methylene chloride-hexane) provided 1.43 g (88%) of enyne 246 as a light yellow oil.
IR (CHC13):
1H NMR (300 MHz, CDC13):
13C NMR (75 MHz, CDC13):
HRMS:
3390, 2970, 1715, 1575, 1510, 1445, 1365, 1305,
1210, 1150, 940, 920, 895, and 715 cm -1
8.12 (br d, J = 8.3 Hz, 1H), 7.36 (app dd, J = 2.0,
7.4 Hz, 1H), 7.24-7.32 (m, 2H), 6.95 (app td, J =
7.3, 2.1 Hz, 1H), 5.43 (app t, J = 2.0 Hz, 1H), 5.35
(app quintet, J = 2.0 Hz, 1H), 2.03 (d, J = 1.7 Hz,
3H), and 1.53 (s, 9H)
152.3, 139.4, 131.5, 129.5, 126.3, 122.4, 122.0,
117.4, 111.1, 97.4, 83.5, 80.6, 28.2, and 23.4
Calcd for C 16H 19NO2: 257.1416
Found: 257.1418
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Methyl 3- [N -(Methoxycarbonyl)-2-(3-methyl-3-buten-1-ynyl)aniline]propiolate(247).
A 50-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, glass stopper, and rubber septum was charged with a sodium hydride dispersion
(60% dispersion in mineral oil, 0.70 g, 1.76 mmol) and 5.7 mL of DMF.
A 25-mL, two-necked, round-bottomed flask equipped with an argon inlet adapter
and rubber septum was charged with enyne 241 (0.293 g, 1.36 mmol) and 6.2 mL of
DMF, and then this solution was transferred to the sodium hydride suspension dropwise
via cannula over 7 min. The resulting suspension was stirred at 25 OC for 50 min.
A 50-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, glass stopper, and rubber septum was charged with methyl 3-bromopropiolate
(230) (Caution: severe lachrymator) (0.349 g, 2.14 mmol) and 2.1 mL of DMF, and the
solution was cooled at 0 °C in an ice-water bath. The carbamate anion solution was then
added dropwise via cannula over 20 min, and the resulting mixture was stirred at 0-4 OC
for 48 h. The dark brown mixture was poured into 30 g of ice-water and diluted with 30
mL of Et20, and then the aqueous layer was separated and extracted with ten 20-mL
portions of Et20. The combined organic phases were washed with 150 mL of water and
the aqueous layer was back-extracted with 30 mL of Et20. The combined organic phases
were then washed with 150 mL of saturated NaCl solution, dried over Na2SO4, filtered,
and concentrated to afford 0.677 g of a dark brown oil. Column chromatography on 50 g
of silica gel (elution with 20% ethyl acetate-hexane) provided 0.319 g (79%) of ynamine
247 as a yellow oil.
252
3120, 2960, 2850, 2225,
1380, 1295, 1255, 1235,
905, 865, and 720 cm -1
1H NMR (300 MHz, CDC13):
1755, 1705, 1610, 1490,
1190, 1160, 1050, 1030,
7.50-7.54 (m, 1H), 7.27-7.39 (m,
0.9 Hz, 1H), 5.34 (app t, J = 1.6
3H), 3.76 (s, 3H), and 1.96 (d, J =
3H), 5.41 (d, J =
Hz, 1H), 3.90 (s,
1.3 Hz, 3H)
13C NMR (75 MHz, CDC13):
HRMS:
154.7, 153.9, 138.6, 132.9, 129.3, 129.0, 127.1,
126.3, 123.1, 121.9, 97.0, 83.0, 81.9, 65.0, 55.0,
52.3, and 23.1
Calcd for C 17H 15NO4:
Found:
297.1001
297.1000
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Methyl 3-[N-[2-(3-Methyl-3-buten-1-ynyl)phenyl]-p-toluenesulfonamide]propiolate(248).
A 10-mL, two-necked, round-bottomed flask equipped with an argon inlet adapter
and rubber septum was charged with a sodium hydride dispersion (60% dispersion in
mineral oil, 0.018 g, 0.448 mmol) and 1.4 mL of DMF.
A 10-mL, two-necked, round-bottomed flask equipped with an argon inlet adapter
and rubber septum was charged with enyne 243 (0.107 g, 0.344 mmol) and 1.6 mL of
DMF, and then this solution was transferred to the sodium hydride suspension dropwise
via cannula over 2 min. The resulting suspension was stirred at 25 OC for 50 min.
A 25-mL, two-necked, round-bottomed flask equipped with an argon inlet
adapter, and rubber septum was charged with methyl 3-bromopropiolate (230) (Caution:
severe lachrymator) (0.102 g, 0.624 mmol) and 0.5 mL of DMF, and the solution was
cooled at 0 OC in an ice-water bath. The sulfonamide anion solution was then added
dropwise via cannula over 7 min, and the resulting mixture was stirred at 0-4 OC for 70 h.
The dark brown mixture was poured into 10 g of ice-water and diluted with 10 mL of
Et20, and then the aqueous layer was separated and extracted with eleven 10-mL portions
of Et20. The combined organic phases were washed with 80 mL of water and the
aqueous layer was back-extracted with 20 mL of Et20. The combined organic phases
were then washed with 80 mL of saturated NaCl solution, dried over Na2SO4, filtered,
and concentrated to afford 0.128 g of a brown oil. Column chromatography on 13 g of
silica gel (elution with 20% ethyl acetate-hexane) provided 0.094 g (70%) of ynamine
248 as a golden yellow oil.
255
IR (CHC13):
13 C NMR (75 MHz, CDC13):
3020, 2220, 1705, 1598, 1485, 1440, 1384, 1175,
1135, 1088, and 915 cm -1
154.6, 145.6, 137.0, 133.8, 133.4, 129.9, 129.6,
129.4, 129.0, 128.5, 126.3, 122.8, 122.7, 97.0, 83.0,
82.5, 67.3, 52.3, 22.7, and 21.7
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Methyl 3-[N -(tert-Butoxycarbonyl)-2-(3-methyl-3-buten-1-ynyl)aniline]propiolate
(249).
A 50-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, glass stopper, and rubber septum was charged with a sodium hydride dispersion
(60% dispersion in mineral oil, 0.129 g, 3.23 mmol) and 10 mL of DMF.
A 25-mL, two-necked, round-bottomed flask equipped with an argon inlet adapter
and rubber septum was charged with enyne 246 (0.627 g, 2.44 mmol) and 11 mL of
DMF, and then this solution was transferred to the sodium hydride suspension dropwise
via cannula over 5 min. The resulting yellow suspension was stirred at 25 OC for 50 min.
A 100-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, glass stopper, and rubber septum was charged with methyl 3-bromopropiolate
(230) (Caution: severe lachrymator) (0.591 g, 3.63 mmol) and 4 mL of DMF, and the
solution was cooled at 0 OC in an ice-water bath. The carbamate anion solution was then
added dropwise via cannula over 20 min, and the resulting mixture was stirred at 0-4 OC
for 71 h. The dark brown mixture was poured into 30 g of ice-water and diluted with 30
mL of Et20, and then the aqueous layer was separated and extracted with nine 20-mL
portions of Et20. The combined organic phases were washed with 150 mL of water and
the aqueous layer was back-extracted with 30 mL of Et20. The combined organic phases
were then washed with 150 mL of saturated NaCl solution, dried over Na2SO4, filtered,
and concentrated to afford 0.991 g of a dark brown oil. Column chromatography on 90 g
of silica gel (elution with 10% ethyl acetate-hexane) provided 0.696 g (84%) of ynamine
249 as a yellow oil.
257
IR (CHC13):
1H NMR (300 MHz, CDC13):
13C NMR (75 MHz, CDC13):
2960, 2226, 1740, 1700, 1444, 1375, 1290, 1220,
1147, and 904 cm -1
7.50 (app dt, J = 7.7, 2.0 Hz, 1H), 7.27-7.36 (m,
3H), 5.42 (app t, J = 2.0 Hz, 1H), 5.32-5.34 (m,
1H), 3.74 (s, 3H), 1.97 (app t, J = 1.7 Hz, 3H), and
1.50 (s, 9H)
154.9, 151.9, 138.8,
126.4, 123.0, 122.1,
52.2, 27.7, and 23.1
132.8, 129.2, 128.7, 127.2,
96.5, 84.7, 83.4, 83.0, 65.1,
Calcd for C20H21NO4:
Found:
258
HRMS: 339.1471
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N-Benzyl-N-prop-2-ynyl-(4-methyl-4-penten-2-ynyl)amide (250).
Reaction of N-benzylpropargylamine (192)204 (0.602 g, 4.14 mmol) with enyne
acid 252145 (1.17g, 9.94 mmol), 4-dimethylaminopyridine (0.101 g, 0.828 mmol), and
1,3-dicyclohexylcarbodiimide (0.950 g, 4.60 mmol) in 20 mL of methylene chloride was
performed according to general procedure B except that the reaction mixture was stirred
at -20 OC for 10 min, and then warmed to 0 °C and stirred for 2 h. Workup and
purification by column chromatography on 100 g of silica gel (elution with 18% ethyl
acetate-hexane) provided 0.862 g (88%) of amide 250 as a yellow oil.
IR (CHC13):
1H NMR (300 MHz, CDC13):
13C NMR (75 MHz, CDC13):
HRMS:
3310, 3010, 2925, 2210, 1620, 1425, 1295, 1220,
770, and 715 cm -1
7.27-7.41 (m, 5H), 5.45-5.57 (m, 2H), 4.91 (s, 2H,
one rotamer), 4.76 (s, 2H, one rotamer), 4.24 (d, J =
2.4 Hz, 2H, one rotamer), 4.14 (d, J = 2.4 Hz, 2H,
one rotamer), 2.33 (t, J = 2.5 Hz, 1H, one rotamer),
2.24 (t, J = 2.5 Hz, 1H, one rotamer), 1.96 (t, J = 1.3
Hz, 3H, one rotamer), and 1.93 (t, J = 1.3 Hz, 3H,
one rotamer)
Both rotamers: 154.0, 153.9, 135.5, 135.3, 128.7,
128.5, 128.3, 127.9, 127.6, 126.5, 124.4, 92.1, 91.8,
79.9, 79.6, 73.1, 72.4, 51.2, 46.4, 37.3, 32.2, and
22.4
Calcd for C 16H 15NO: 237.1154
Found: 237.1151
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2-Methyl-1-decen-3,9-diyn-5-oll (253).
A 250-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, glass stopper, and rubber septum was charged with oxalyl chloride (0.90 mL,
1.29 g, 10.2 mmol) and 28 mL of THF, and the solution was cooled at -78 OC in a dry ice-
acetone bath. Dimethylsulfoxide (1.5 mL, 1.65 g, 21.1 mmol) was then added dropwise
via syringe over 3 min, and the resulting mixture was stirred at -78 OC for 10 min.
A 50-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, glass stopper, and rubber septum was charged with 5-hexyn-1-ol (0.910 g, 9.27
mmol) and 22 mL of THF, and then this solution was transferred to the DMSO-(COCl) 2
mixture via cannula over 3 min. The resulting cloudy white mixture was stirred at -78 OC
for 30 min and then triethylamine (6.5 mL, 4.69 g, 46.4 mmol) was added dropwise via
syringe over 2 min. The resulting slurry was stirred at -78 OC for 15 min, warmed to 25
OC and stirred for 35 min, and then cooled to 0 OC and stirred for 10 min.
A 100-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, glass stopper, and rubber septum was charged with 3-methyl-3-buten-1-yne (1.4
mL, 0.180 g, 14.8 mmol) and 40 mL of THF, and the solution was cooled at -78 OC in a
dry ice-acetone bath. A n-butyllithium solution (2.60 M in hexanes, 5.3 mL, 13.8 mmol)
was then added dropwise via syringe over 10 min, and the resulting mixture was stirred at
-78 OC for 20 min. The lithium acetylide mixture was then transferred to the aldehyde
mixture via cannula over 5 min, and the resulting cloudy yellow mixture was stirred at 0
"C for 10 min, and then warmed to 25 OC and stirred for 25 min. The reaction mixture
was quenched by the addition of 75 mL of saturated NH 4Cl solution and diluted with 30
262
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mL of Et20. The aqueous layer was separated and extracted with three 40-mL portions
of Et20, and the combined organic phases were washed with 100 mL of saturated NaCl
solution, dried over Na2SO4, filtered, and concentrated to afford 1.61 g of a golden
yellow oil. Column chromatography on 125 g of silica gel (elution with 15% ethyl
acetate-hexane) provided 1.13 g (76%) of alcohol 253 as a light yellow oil.
IR (thin film):
1H NMR (300 MHz, CDC13):
13C NMR (75 MHz, CDC13):
3280, 2910, 1608, 1430, 1370, 1325, 1285, 1070,
1005, and 900 cm -1
5.23 (s, 1H), 5.17 (app t, J = 1.6 Hz, 1H), 4.46 (br d,
J = 2.8 Hz, 1H), 2.84 (br d, J = 2.4 Hz, 1H), 2.17-
2.22 (m, 2H), 1.94 (t, J = 2.6 Hz, 1H), 1.76-1.82 (m,
5H), and 1.59-1.75 (m, 2H)
126.1, 122.0, 88.8, 83.9, 68.7, 61.9, 36.5, 24.0, 23.2,
and 17.9
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2-Methyl-1-decen-3,9-diyn-5-one (251).
A 250-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, glass stopper, and rubber septum was charged with alcohol 253 (0.642 g, 3.95
mmol) and 79 mL of methylene chloride, and then the Dess-Martin reagent (2.68 g, 6.32
mmol) was added in one portion. The resulting cloudy mixture was stirred at 25 OC for 2
h, and then diluted with 50 mL of half-saturated NaHCO3 solution and filtered through
Celite using 15 mL of methylene chloride to rinse. The aqueous layer was separated and
extracted with two 30-mL portions of methylene chloride, and the combined organic
phases were washed with 75 mL of half-saturated NaHCO3 solution and 75 mL of
saturated NaCl solution, dried over Na2SO4, filtered, and concentrated to afford 2.69 g of
a light yellow solid. Column chromatography on 65 g of silica gel (elution with 10%
ethyl acetate-hexane) provided 0.548 g (87%) of ketone 251 as a light yellow oil.
IR (thin film):
1H NMR (300 MHz, CDCl 3):
13C NMR (75 MHz, CDC13):
3300, 2950, 2208, 1670, 1615, 1438, 1405, 1375,
1292, 1218, 1125, 1010, 965, 913, and 735 cm-1
5.59-5.61 (m, 1H), 5.53 (app quintet, J = 1.6 Hz,
1H), 2.75 (t, J = 7.2 Hz, 2H), 2.24-2.30 (m, 2H),
1.99 (t, J = 2.7 Hz, 1H), 1.95 (dd, J = 1.1, 1.6 Hz,
3H), and 1.85-1.94 (m, 2H)
186.8, 127.5, 124.5, 91.5, 86.3, 83.0, 69.2, 43.8,
22.4, 22.3, and 17.5
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7-Methyl-5(E),7-octadien-1-ol (255).
A 25-mL, two-necked, round-bottomed flask equipped with an argon inlet adapter
and rubber septum was charged with a borane solution (1.0 M in THF, 4.6 mL, 4.6 mmol)
and then cooled at -10 OC in an ice-acetone bath. 2-Methyl-2-butene (1.0 mL, 0.662 g,
9.4 mmol) was then added dropwise via syringe over 5 min and the resulting mixture was
stirred at -10 "C for 2 h. 5-Hexyn-l-ol (0.24 mL, 0.215 g, 2.19 mmol) was then added
dropwise via syringe and the resulting mixture was stirred at -8 OC for 30 min, warmed to
25 OC and stirred for 1 h, and then placed in a refrigerator overnight.
A 50-mL, three necked, round-bottomed flask equipped with a reflux condenser
fitted with an argon inlet adapter, a glass stopper, and a rubber septum was charged with
tetrakis(triphenylphosphine)palladium (0) (0.076 g, 0.066 mmol), and then 15.2 mL of
THF and 2-bromo-1-propene (0.39 mL, 0.532 g, 4.4 mmol) were added rapidly dropwise
via syringe. The resulting mixture was wrapped in aluminum foil and stirred at 25 OC for
1 h, and then the hydroboration solution was added dropwise via cannula over 5 min
followed by the addition of a sodium ethoxide solution (2.0 M in ethanol, 2.2 mL, 4.4
mmol). The resulting mixture was placed in a 60 OC oil bath and stirred under gentle
reflux for 4 h, and then the reaction mixture was cooled to 0 oC. Solutions of 3.0 M
NaOH and 30% H20 2 (1.4 mL each) were then added rapidly dropwise and the resulting
mixture was stirred at 25 oC for 1 h. The orange mixture was diluted with 10 mL of Et20
and 15 mL of water, and the aqueous layer was separated and extracted with two 10-mL
portions of Et20. The combined organic phases were washed with 40 mL of saturated
NaC1 solution, dried over Na2SO4, filtered, and concentrated to afford 0.775 g of an
267
orange oil. Column chromatography on 45 g of silica gel (elution with 20% ethyl
acetate-hexane) provided 0.135 g (44%) of diene 255 as an orange oil and 0.062 g of a
1:1 mixture of 255 and the corresponding enyne.
IR (thin film):
1H NMR (300 MHz, CDC13):
3300, 2910, 2860, 1640, 1608, 1435, 1370, 1315,
1050, 965, and 880 cm-1
6.15 (d, J = 15.7 Hz, 1H), 5.65 (dt, J= 15.7, 7.0 Hz,
1H), 4.87 (s, 2H), 3.65 (t, J = 6.4 Hz, 2H), 2.15 (q, J
= 7.0 Hz, 2H), 1.83 (s, 3H), and 1.44-1.64 (m, 5H)
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7-Methyl-5(E),7-octadienal (256).
A 25-mL, two-necked, round-bottomed flask equipped with an argon inlet adapter
and rubber septum was charged with oxalyl chloride (0.09 mL, 0.130 g, 1.02 mmol) and
2.5 mL of THF, and the solution was cooled at -78 oC with a dry ice-acetone bath.
Dimethylsulfoxide (0.15 mL, 0.165 g, 2.11 mmol) was then added rapidly dropwise via
syringe and the resulting mixture was stirred at -78 OC for 15 min.
A 10-mL, two-necked, round-bottomed flask equipped with an argon inlet adapter
and rubber septum was charged with alcohol 255 (0.112 g, 0.798 mmol) and 5.5 mL of
THF, and then this solution was transferred to the DMSO-(COCl) 2 mixture dropwise via
cannula over 5 min. The reaction mixture was stirred at -78 TC for 30 min, and then
triethylamine (0.56 mL, 0.404 g, 4.00 mmol) was added rapidly dropwise via syringe.
The resulting yellow slurry was stirred at -78 OC for 15 min, and then warmed to 25 OC
and stirred for 45 min. The yellow slurry was diluted with 10 mL of saturated NH4Cl
solution and 8 mL of Et 20, and then the aqueous layer was separated and extracted with
10 mL of Et20. The combined organic phases were washed with 25 mL of saturated
NaCl solution, dried over Na2SO4, filtered, and concentrated to afford 0.257 g of 256 as a
cloudy yellow-orange oil used in the next step without purification.
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9-Methyl-7(E),9-decadien-1-yn-3-ol (257).
A 25-mL, round-bottomed flask equipped with a rubber septum and argon inlet
needle, was charged with crude aldehyde 256 (0.257 g, 0.798 mmol) and 8 mL of THF
and the solution was cooled at 0 oC in an ice-water bath. A solution of
ethynylmagnesium chloride (0.5 M in THF, 5.4 mL, 2.7 mmol) was added dropwise via
syringe over 4 min and the resulting mixture was stirred at 0 OC for 1.5 h. The orange
mixture was quenched by the addition of 10 mL of saturated NH4Cl solution and diluted
with 5 mL of Et20, and then the aqueous layer was separated and extracted with two 10-
mL portions of Et20. The combined organic phases were washed with 30 mL of
saturated NaCl solution, dried over Na2SO4, filtered, and concentrated to afford 0.586 g
of an orange oil. Column chromatography on 14 g of deactivated silica gel (elution with
15% ethyl acetate-hexane) provided 0.097 g (74%) of propargyl alcohol 257 as a golden
yellow-orange oil.
IR (thin film): 3310, 3090, 2950, 2870, 2120, 1612, 1440, 1380,
1065, 1015, 970, and 885 cm-1
1H NMR (300 MHz, CDC13): 6.16 (d, J = 15.5 Hz, 1H), 5.64 (dt, J = 15.5, 7.0 Hz,
1H), 4.87 (s, 2H), 4.36-4.42 (m, 1H), 2.47 (d, J =
2.1 Hz, 1H), 2.16 (app q, J = 6.9 Hz, 2H), 1.99 (br s,
1H), 1.83 (s, 3H), 1.70-1.78 (m, 2H), and 1.56-1.64
(m, 2H)
13C NMR (75 MHz, CDC13): 142.0, 133.3, 130.0, 114.5, 84.8, 72.9, 62.1, 37.0,
32.2, 24.7, and 18.6
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9-Methyl-7(E),9-decadien-1-yn-3-one (258).
A 25-mL round-bottomed flask equipped with a rubber septum and an argon inlet
needle was charged with alcohol 257 (0.096 g, 0.585 mmol) and 12 mL of methylene
chloride, and then the Dess-Martin reagent (0.273 g, 0.643 mmol) was added in one
portion. The resulting cloudy mixture was stirred at 25 OC for 20 min, and then diluted
with 10 mL of half-saturated NaHCO 3 solution. The aqueous layer was separated and
extracted with two 10-mL portions of methylene chloride, and the combined organic
phases were washed with 30 mL of half-saturated NaHCO3 solution and 30 mL of
saturated NaCl solution, dried over Na2SO4, filtered, and concentrated to afford 0.289 g
of an oily light yellow solid. Column chromatography on 10 g of deactivated silica gel
(elution with 5% ethyl acetate-hexane) provided 0.066 g (69%) of ketone 258 as a light
yellow oil.
IR (thin film):
1H NMR (300 MHz, CDC13):
13C NMR (75 MHz, CDC13):
HRMS:
3260, 3080, 2940, 2100, 1680, 1610, 1450, 1405,
1370, 1210, 1110, 1080, 1035, 968, and 882 cm-1
6.15 (d, J = 15.7 Hz, 1H), 5.76 (td, J = 15.7, 7.0 Hz,
1H), 4.89 (s, 2H), 3.22 (s, 1H), 2.61 (t, J = 7.3 Hz,
2H), 2.15 (app q, J = 7.2 Hz, 2H), and 1.70-1.86 (m,
5H)
187.2, 141.8, 134.0, 129.1, 114.9, 81.4, 78.4, 44.7,
31.7, 23.3, and 18.6
Calcd for C 1 H 140: 162.1045
Found: 162.1045
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4-Acetyl-6-methyl-2-p-toluenesulfonylisoindoline (259).
I. Thermal Procedure
A threaded Pyrex tube (ca. 50 mL capacity) with a side arm equipped with an
argon inlet adapter was charged with enyne 188 (0.350 g, 1.06 mmol), 2,6-di-tert-butyl-4-
methylphenol (0.235 g, 1.07 mmol), and 10.6 mL of toluene. The solution was degassed
by four freeze-pump-thaw cycles, and then sealed under argon with a threaded Teflon
cap. The reaction mixture was heated in a 110-122 OC oil bath for 3 h and then allowed
to cool to 25 'C. The resulting mixture was concentrated to afford 0.713 g of a brown oil.
Column chromatography on 65 g of silica gel (gradient elution with 10-30% ethyl
acetate-hexane) provided 0.166 g (47%) of a tan solid. Further column chromatography
on 20 g of silica gel (elution with 2% ethyl acetate-methylene chloride) provided 0.125 g
(36%) of isoindoline 259 as a light yellow solid.
II. Zinc Bromide Procedure
A 50-mL, round-bottomed flask equipped with a reflux condenser fitted with an
argon inlet adapter was charged with enyne 188 (0.250 g, 0.759 mmol), 2,6-di-tert-butyl-
4-methylphenol (0.335 g, 1.52 mmol), 15.2 mL of methylene chloride, and ZnBr2 (1.77
g, 7.86 mmol). The reaction mixture was then heated at reflux for 3 days. The reaction
mixture was cooled to 25 OC, diluted with 10 mL of saturated NaHCO 3 solution, and the
resulting milky-white mixture was filtered through Celite with the aid of 5 mL of
methylene chloride. The aqueous layer was separated and extracted with two 10-mL
portions of methylene chloride. The combined organic phases were washed with 20 mL
275
of water and 20 mL of saturated NaCI solution, dried over Na2SO4, filtered, and
concentrated to afford 0.576 g of a brown solid. Column chromatography on 58 g of
silica gel (elution with 30% ethyl acetate-hexane) provided 0.159 g (64%) of isoindoline
259 as a light yellow solid.
III. Methanesulfonic Acid Procedure
A 50-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, rubber septum, and glass stopper was charged with enyne 188 (0.160 g, 0.486
mmol), 7.2 mL of methylene chloride, and the resulting solution was cooled at 0 OC in an
ice-water bath. A methanesulfonic acid solution (0.1 M in methylene chloride, 12.2 mL,
1.22 mmol) was then added rapidly dropwise via syringe. The reaction mixture was
stirred at 0 OC for 4 h, and then warmed to 25 OC and stirred for 15 h. The resulting
mixture was diluted with 6 mL of saturated NaHCO3 solution, and the aqueous layer was
separated and extracted with two 10-mL portions of methylene chloride. The combined
organic phases were washed with 30 mL of saturated NaCl solution, dried over Na2SO4,
filtered, and concentrated to afford 0.220 g of a brown solid. Column chromatography on
14 g of silica gel (elution with 30% ethyl acetate-hexane) provided 0.126 g (79%) of
isoindoline 259 as a light yellow solid.
IR (CHC13): 3020, 2920, 2850, 1675, 1590, 1455, 1345, 1290,
1160, 1095, and 1060 cm -1
1H NMR (300 MHz, CDC13): 7.79 (d, J = 8.3 Hz, 2H), 7.55 (s, 1H), 7.30 (d, J =
8.3 Hz, 2H), 7.18 (s, 1H), 4.87 (s, 2H), 4.58 (s, 2H),
2.55 (s, 3H), and 2.39 (s, 6H)
13C NMR (75 MHz, CDC13): 198.0, 143.4, 138.1, 138.0, 134.5, 133.6, 131.9,
129.7, 129.6, 127.5, 127.4, 55.2, 52.6, 27.2, 21.5,
and 21.3
Elemental Analysis: Calcd for C 18H 19NSO3: C, 65.63; H, 5.81;
N, 4.25
Found: C, 65.37; H, 5.77;
N, 4.14
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4-Formyl-6-methyl-2-p-toluenesulfonylisoindoline (260).
A 50-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, rubber septum, and glass stopper was charged with enyne 190 (0.153 g, 0.485
mmol), 2,6-di-tert-butyl-4-methylphenol (0.214 g, 0.920 mmol), 9.8 mL of methylene
chloride, and ZnBr2 (1.13 g, 5.03 mmol). The reaction mixture was stirred at 25 OC for
22 h and then diluted with 10 mL of saturated NaHCO 3 solution. The milky-white
mixture was filtered through Celite with the aid of 5 mL of methylene chloride, and the
aqueous layer was separated and extracted with two 15-mL portions of methylene
chloride. The combined organic phases were washed with 30 mL of water and 30 mL of
saturated NaCl solution, dried over Na2SO4, filtered, and concentrated to afford 0.351 g
of a brown oil. Column chromatography on 35 g of silica gel (elution with 25% ethyl
acetate-hexane) provided 0.066 g (43%) of isoindoline 260 as a light yellow solid.
IR (CHC13):
1H NMR (300 MHz, CDC13):
13C NMR (75 MHz, CDCl 3):
HRMS:
3012, 2922, 1687, 1342, 1172, and 1057 cm-1
9.96 (s, 1H), 7.79 (d, J = 8.3 Hz, 2H), 7.49 (s, 1H),
7.31 (d, J = 7.5 Hz, 2H), 7.24 (s, 1H), 4.88 (s, 2H),
4.60 (s, 2H), 2.42 (s, 3H), and 2.39 (s, 3H)
191.9, 143.6, 138.7, 138.3, 134.1, 133.0, 131.1,
129.8, 128.5, 127.5, 53.9, 52.6, 21.4, and 21.0
Calcd for C 17H 17NSO 3: 315.0929
Found: 315.0926
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2-Benzyl-5-methylisoindoline (265).
A threaded Pyrex tube (ca. 50 mL capacity) with a side arm equipped with an
argon inlet adapter was charged with enyne 196 (0.199 g, 0.891 mmol), 2,6-di-tert-butyl-
4-methylphenol (0.589 g, 2.67 mmol), and 18 mL of toluene. The solution was degassed
by four freeze-pump-thaw cycles, and then sealed under argon with a threaded Teflon
cap. The reaction mixture was heated in a 180 OC oil bath for 19 h and then allowed to
cool to 25 OC. The resulting mixture was concentrated to afford 1.18 g of a brown-orange
oil. Column chromatography on 50 g of silica gel (elution with 10% ethyl acetate-
hexane) provided 0.127 g (64%) of isoindoline 265 as a orange-yellow oil.
IR (CHC13): 2990, 2940, 2770, 1490, 1445, 1370, 1340, 1260,
1210, 1125, 1065, 1020, 905, and 860 cm-1
1H NMR (300 MHz, CDC13): 7.25-7.42 (m, 5H), 6.97-7.07 (m, 3H), 3.90, 3.89 (s,
s, 6H), and 2.32 (s, 3H)
13C NMR (75 MHz, CDC13): 140.4, 139.3, 137.3, 136.3, 128.8, 128.4, 127.4,
127.0, 123.0, 122.0, 60.3, 58.9, 58.7, and 21.3
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2-Benzyl-5-methyl-1-isoindolinone (266).
I. Thermal Procedure
A threaded Pyrex tube (ca. 50 mL capacity) with a side arm equipped with an
argon inlet adapter was charged with enyne 207 (0.146 g, 0.615 mmol), 2,6-di-tert-butyl-
4-methylphenol (0.407 g, 1.85 mmol), and 12.4 mL of toluene. The solution was
degassed by four freeze-pump-thaw cycles, and then sealed under argon with a threaded
Teflon cap. The reaction mixture was heated in a 120 OC oil bath for 6 h and then
allowed to cool to 25 OC. The resulting mixture was concentrated to afford 0.703 g of an
orange oil. Column chromatography on 45 g of silica gel (elution with 30% ethyl
acetate-hexane) provided 0.138 g (94%) of isoindolinone 266 as a golden yellow solid,
mp 86-87 OC.
II. Methanesulfonic Acid Procedure
A 100-mL, round-bottomed flask equipped with a reflux condenser fitted with an
argon inlet adapter was charged with enyne 207 (0.197 g, 0.830 mmol) and 33 mL of
dichloroethane. The resulting mixture was degassed by bubbling argon in it for 10 min,
and then methanesulfonic acid (0.13 mL, 0.193 g, 2.00 mmol) was added rapidly
dropwise via syringe. The reaction mixture was stirred at 25 OC for 40 min, and then
placed in a 75 OC oil bath and heated at 74-80 OC for 24 h. After cooling to 25 OC, the
resulting mixture was diluted with 20 mL of saturated NaHCO 3 solution and 20 mL of
methylene chloride, and the aqueous layer was separated and extracted with two 15-mL
portions of methylene chloride. The combined organic phases were washed with 40 mL
of saturated NaCl solution, dried over Na2SO4, filtered, and concentrated to afford 0.295
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g of a red-brown oil. Column chromatography on 18 g of silica gel (elution with 30%
ethyl acetate-hexane) provided 0.111 g (56%) of isoindolinone 266 as a light yellow
solid, mp 87-88 OC. An analytical sample was obtained by recrystallization from
methylene chloride-hexane as a pale yellow solid, mp 87.5-89 OC.
IR (CHC13):
1H NMR (300 MHz, CDC13):
13C NMR (75 MHz, CDCl3):
Elemental Analysis:
3000, 2915, 1672, 1622, 1452, 1412, and 1287 cm-1
7.77 (d, J = 7.8 Hz, 1H), 7.26-7.36 (m, 6H), 7.18 (s,
1H), 4.79 (s, 2H), 4.21 (s, 2H), and 2.43 (s, 3H)
168.5, 141.9, 141.6, 137.1, 130.1, 129.0, 128.7,
128.1, 127.6, 123.6, 123.2, 49.2, 46.3, and 21.8
Calcd for C 16H 15NO: C, 80.98; H, 6.37;
N, 5.90
Found: C, 80.79; H, 6.13;
N, 5.78
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(±)-2-(1-Phenylethyl)-5-methyl-1-isoindolinone (267).
I. Thermal Procedure
A threaded Pyrex tube (ca. 50 mL capacity) with a side arm equipped with an
argon inlet adapter was charged with enyne 208 (0.183 g, 0.728 mmol), 2,6-di-tert-butyl-
4-methylphenol (0.483 g, 2.19 mmol), and 14.6 mL of toluene. The solution was
degassed by four freeze-pump-thaw cycles, and then sealed under argon with a threaded
Teflon cap. The reaction mixture was heated in a 120 oC oil bath for 6 h and then
allowed to cool to 25 OC. The resulting mixture was concentrated to afford a golden
yellow oil. Column chromatography on 67 g of silica gel (elution with 25% ethyl
acetate-hexane) provided 0.173 g (94%) of isoindolinone 267 as a light yellow solid, mp
115-116 OC. An analytical sample was obtained by recrystallization from methylene
chloride-hexane as a pale yellow solid, mp 116.5-117.5 OC.
II. Methanesulfonic Acid Procedure
A 100-mL, round-bottomed flask equipped with a reflux condenser fitted with an
argon inlet adapter was charged with enyne 208 (0.184 g, 0.733 mmol) and 29 mL of
dichloroethane. The resulting mixture was degassed by bubbling argon in it for 10 min,
and then methanesulfonic acid (0.12 mL, 0.178 g, 1.85 mmol) was added rapidly
dropwise via syringe. The reaction mixture was stirred at 25 OC for 30 min, and then
placed in a 80 OC oil bath and heated at 72-80 OC for 19 h. After cooling to 25 OC, the
resulting mixture was diluted with 20 mL of saturated NaHCO3 solution and 20 mL of
methylene chloride, and the aqueous layer was separated and extracted with three 15-mL
portions of methylene chloride. The combined organic phases were washed with 40 mL
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of saturated NaCi solution, dried over Na2SO4, filtered, and concentrated to afford 0.184
g of a brown solid. Column chromatography on 10 g of silica gel (elution with 25% ethyl
acetate-hexane) provided 0.112 g (61%) of isoindolinone 267 as a light yellow solid.
IR (CHC13):
1H NMR (300 MHz, CDC13):
13C NMR (75 MHz, CDC13):
2970, 1660, 1450, 1405, 1345, and 1290 cm-1
7.76 (d, J = 7.7 Hz, 1H), 7.24-7.37 (m, 6H), 7.16 (s,
1H), 5.80 (q, J = 7.1 Hz, 1H), 4.28 (d, J = 17.0 Hz,
1H), 3.94 (d, J = 16.9 Hz, 1H), 2.42 (s, 3H), and
1.68 (d, J = 7.2 Hz, 3H)
168.1, 141.8, 141.7, 140.8, 130.3, 128.9, 128.6,
127.4, 127.1, 123.5, 123.2, 48.9, 45.3, 21.8, and
17.3
Elemental Analysis: Calcd for C 17H 17NO:
Found:
C, 81.24; H, 6.82;
N, 5.57
C, 81.06; H, 6.71;
N, 5.44
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2-Benzyl-3,4-dihydro-6-methyl-1(2H)-isoquinolinone (268).
A threaded Pyrex tube (ca. 50 mL capacity) with a side arm equipped with an
argon inlet adapter was charged with enyne 222 (0.215 g, 0.855 mmol), 2,6-di-tert-butyl-
4-methylphenol (0.566 g, 2.57 mmol), and 17 mL of toluene. The solution was degassed
by four freeze-pump-thaw cycles, and then sealed under argon with a threaded Teflon
cap. The reaction mixture was heated in a 180 OC oil bath for 38.5 h and then allowed to
cool to 25 OC. The resulting mixture was concentrated to afford 0.866 g of an orange oil.
Column chromatography on 60 g of silica gel (elution with 20% ethyl acetate-hexane)
provided 0.153 g (73%) of dihydroisoquinolinone 268 as a golden yellow oil.
IR (CHC13):
1H NMR (300 MHz, CDC13):
13 C NMR (75 MHz, CDC13):
HRMS:
2990, 1625, 1575, 1480, 1445, 1340, 1300, 1255,
1180, 1150, and 1075 cm-1
8.04 (d, J= 7.8 Hz, 1H), 7.25-7.33 (m, 5H), 7.15 (d,
J = 7.8 Hz, 1H), 6.96 (s, 1H), 4.78 (s, 2H), 3.45 (t, J
= 6.6 Hz, 2H), 2.88 (t, J = 6.6 Hz, 2H), and 2.36 (s,
3H)
164.6, 142.1, 138.0, 137.5, 128.5, 128.4, 128.0,
127.8, 127.5, 127.3, 126.7, 50.2, 45.3, 28.0, and
21.4
Calcd for C 17H 17NO: 251.1310
Found: 251.1313
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(±)-3,4-Dihydro-6-methyl-2-(1-phenylethyl)-1(2H)-isoquinolinone (269).
A threaded Pyrex tube (ca. 50 mL capacity) with a side arm equipped with an
argon inlet adapter was charged with enyne 223 (0.212 g, 0.800 mmol), 2,6-di-tert-butyl-
4-methylphenol (0.529 g, 2.40 mmol), and 16 mL of toluene. The solution was degassed
by four freeze-pump-thaw cycles, and then sealed under argon with a threaded Teflon
cap. The reaction mixture was heated in a 180 OC oil bath for 39.5 h and then allowed to
cool to 25 OC. The resulting mixture was concentrated to afford 0.820 g of a brown oil.
Column chromatography on 62 g of silica gel (elution with 15% ethyl acetate-hexane)
provided 0.145 g (69%) of isoquinolinone 269 as an orange-yellow oil. Further
purification by column chromatography on 15 g of silica gel (elution with 15% ethyl
acetate-hexane) provided 0.140 g (66%) of dihydroisoquinolinone 269 as a yellow-orange
oil.
IR (CHC13):
1H NMR (300 MHz, CDC13):
13C NMR (75 MHz, CDC13):
HRMS:
2980, 1625, 1610, 1570, 1470, 1435, 1315, 1165,
and 1140 cm- 1
8.04 (d, J= 7.9 Hz, 1H), 7.26-7.39 (m, 5H), 7.15 (d,
J = 7.9 Hz, 1H), 6.94 (s, 1H), 6.24 (q, J = 7.4 Hz,
1H), 3.31-3.38 (m, 1H), 3.04-3.19 (m, 1H), 2.74-
2.78 (m, 2H), 2.36 (s, 3H), and 1.58 (d, J = 7.5 Hz,
3H)
164.3, 142.0, 140.9, 137.9, 128.5, 128.4, 127.8,
127.3, 127.2, 127.1, 127.0, 50.0, 40.1, 28.2, 21.4,
and 15.6
Calcd for C 18H 19NO: 265.1467
Found: 265.1466
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2-Benzyl-5-methyl-7-methoxymethyl-1-isoindolinone (270).
I. Thermal Procedure
A threaded Pyrex tube (ca. 50 mL capacity) with a side arm equipped with an
argon inlet adapter was charged with enyne 197 (0.312 g, 1.11 mmol), 2,6-di-tert-butyl-4-
methylphenol (0.731 g, 3.32 mmol), and 22.2 mL of toluene. The solution was degassed
by four freeze-pump-thaw cycles, and then sealed under argon with a threaded Teflon
cap. The reaction mixture was heated in a 110-124 OC oil bath for 6 h and then allowed
to cool to 25 'C. The resulting mixture was concentrated to afford 1.45 g of an orange
oil. Column chromatography on 94 g of silica gel (gradient elution with 0-25% ethyl
acetate-hexane) provided 0.108 g (35%) of isoindolinone 270 as a yellow solid.
II. Zinc Bromide Procedure
A 50-mL, three-necked, round-bottomed flask equipped with a reflux condenser
fitted with an argon inlet adapter, a glass stopper, and a rubber septum was charged with
enyne 197 (0.221 g, 0.787 mmol), 2,6-di-tert-butyl-4-methylphenol (0.346 g, 1.57 mmol),
16 mL of methylene chloride, and then the solution was degassed by bubbling argon
through it for 10 min. Zinc bromide (1.90 g, 8.44 mmol) was then added and the
resulting heterogeneous mixture was heated at reflux for 49 h. The reaction mixture was
cooled to 25 OC, diluted with 10 mL of saturated NaHCO3 solution, and the resulting
milky-white mixture was filtered through Celite with the aid of 5 mL of methylene
chloride. The aqueous layer was separated and extracted with two 15-mL portions of
methylene chloride. The combined organic phases were washed with 25 mL of water and
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25 mL of saturated NaCl solution, dried over Na2SO4, filtered and concentrated to afford
0.750 g of a brown-orange oil. Column chromatography on 60 g of silica gel (elution
with 20% ethyl acetate-hexane) provided 0.105 g (48%) of isoindolinone 270 as a light
yellow solid, mp 76.5-77.5 OC.
III. Methanesulfonic Acid Procedure
A 100-mL round-bottomed flask equipped with a reflux condenser fitted with an
argon inlet adapter was charged with enyne 197 (0.260 g, 0.922 mmol) and 37 mL of
toluene. Methanesulfonic acid (0.060 mL, 0.089 g 0.922 mmol) was then added rapidly
dropwise via syringe and the resulting mixture was degassed by bubbling argon through it
for 10 min. The reaction mixture was placed in a 85 'C oil bath and heated for 26 h, and
then cooled to 25 OC and stirred for 2 h. The resulting mixture was diluted with 20 mL
of saturated NaHCO3 solution and 20 mL of diethyl ether, and the aqueous layer was
separated and extracted with two 15-mL portions of diethyl ether. The combined organic
phases were washed with 40 mL of saturated NaCl solution, dried over Na2SO4, filtered,
and concentrated to afford 0.122 g of a brown oil. Column chromatography on 12 g of
silica gel (elution with 20% ethyl acetate-hexane) provided 0.068 g (26%) of
isoindolinone 270 as a light yellow solid.
IR (CHC13): 3000, 2920, 1675, 1615, 1455, 1415, 1365, 1190,
1105, and 855 cm -1
1H NMR (300 MHz, CDC13): 7.38 (s, 1H), 7.26-7.34 (m, 5H), 7.07 (s, 1H), 5.10(s, 2H), 4.75 (s, 2H), 4.20 (s, 2H), 3.53 (s, 3H), and
2.42 (s, 3H)
13C NMR (75 MHz, CDC13): 168.5, 141.8, 137.4, 137.0, 128.6, 128.0, 127.4,
127.3, 126.0, 122.0, 69.3, 58.8, 49.1, 46.2, and 21.9
Elemental Analysis: Calcd for C 18H 19NO2: C, 76.84; H, 6.81;
N, 4.98
Found: C, 76.69; H, 6.69;
N, 4.90
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(±)-7-Methoxymethyl-5-methyl-2-(1-phenylethyl)-1-isoindolinone (271).
A threaded Pyrex tube (ca. 50 mL capacity) with a side arm equipped with an
argon inlet adapter was charged with enyne 205 (0.158 g, 0.535 mmol), 2,6-di-tert-butyl-
4-methylphenol (0.354 g, 1.60 mmol), and 10.8 mL of toluene. The solution was
degassed by four freeze-pump-thaw cycles, and then sealed under argon with a threaded
Teflon cap. The reaction mixture was heated in a 120 OC oil bath for 6 h and then
allowed to cool to 25 OC. The resulting mixture was concentrated to afford 0.538 g of an
orange oil. Column chromatography on 54 g of silica gel (elution with 30% ethyl
acetate-hexane) provided 0.060 g (38%) of isoindolinone 271 as an orange oil. Further
purification by column chromatography on 8 g of silica gel (elution with 30% ethyl
acetate-hexane) provided 0.047 g (30%) of isoindolinone 271 as an orange oil.
IR (thin film): 2900, 1665, 1615, 1450, 1400, 1350, 1260, 1225,
1195, 1104, 1025, 905, 858, 735, and 700 cm-1
1H NMR (300 MHz, CDC13): 7.24-7.37 (m, 6H), 7.06 (s, 1H), 5.74 (q, J = 7.1 Hz,
1H), 5.13 (d, J= 13.8 Hz, 1H), 5.06 (d, J = 13.8 Hz,
1H), 4.26 (d, J= 17.1 Hz, 1H), 3.94 (d, J = 17.0 Hz,
1H), 3.53 (s, 3H), 2.41 (s, 3H), and 1.66 (d, J = 7.2
Hz, 3H)
13C NMR (75 MHz, CDCl 3): 168.3, 142.0, 141.8, 140.8, 137.5, 128.6, 127.4,
127.3, 127.1, 126.4, 122.1, 69.4, 58.7, 48.8, 45.2,
21.8, and 17.3
295
Hdd 01 Il ii Iliti 1ln 1111l i~l tl£
liii I 111111 Ii1itt9 £ 8 5 Ii I! III I I liiiili I I ii iii 
I Ii I it I ~,j1I It It I I III iii
JV V
)~2
i mi
/Ph,,, -N
p, ,,., 1" M
V ZZ ZaZ uMe
2-Benzyl-3,4-dihydro-8-methoxymethyl-6-methyl-1(2H)-isoquinolinone (272).
A threaded Pyrex tube (ca. 50 mL capacity) with a side arm equipped with an
argon inlet adapter was charged with enyne 221 (0.242 g, 0.819 mmol), 2,6-di-tert-butyl-
4-methylphenol (0.542 g, 2.46 mmol), and 17 mL of toluene. The solution was degassed
by four freeze-pump-thaw cycles, and then sealed under argon with a threaded Teflon
cap. The reaction mixture was heated in a 180 OC oil bath for 94 h and then allowed to
cool to 25 OC. The resulting mixture was concentrated to afford 0.853 g of a brown oil.
Column chromatography on 78 g of silica gel (elution with 20% ethyl acetate-hexane)
provided 0.100 g (41%) of dihydroisoquinolinone 272 as an orange oil.
IR (thin film):
1H NMR (300 MHz, CDCl 3):
13 C NMR (75 MHz, CDCl 3):
HRMS:
3030, 2920, 1640, 1610, 1488, 1445, 1422, 1344,
1272, 1250, 1192, 1180, 1108, 738, and 708 cm- 1
7.46 (s, 1H), 7.26-7.33 (m, 5H), 6.88 (s, 1H), 5.06
(s, 2H), 4.75 (s, 2H), 3.53 (s, 3H), 3.42 (t, J = 6.6
Hz, 2 H), 2.84 (t, J = 6.6 Hz, 2 H), and 2.36 (s, 3H)
164.9, 141.6, 139.2, 137.7, 128.6, 127.8, 127.3,
126.4, 126.3, 123.5, 72.9, 58.7, 50.1, 45.2, 29.3, and
21.5
Calcd for C 19H2 1NO2 : 295.1572
Found: 295.1573
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2-Benzyl-6-methyl-1-isoindolinone (273).
A threaded Pyrex tube (ca. 50 mL capacity) with a side arm equipped with an
argon inlet adapter was charged with enyne 250 (0.234 g, 0.986 mmol), 2,6-di- tert-butyl-
4-methylphenol (0.652 g, 2.96 mmol), and 19.8 mL of toluene. The solution was
degassed by four freeze-pump-thaw cycles, and then sealed under argon with a threaded
Teflon cap. The reaction mixture was heated in a 120 OC oil bath for 20.5 h and then
allowed to cool to 25 "C. The resulting mixture was concentrated to afford 0.958 g of an
orange oil. Column chromatography on 80 g of silica gel (elution with 30% ethyl
acetate-hexane) provided 0.099 g (42%) of isoindolinone 273 as a bright yellow solid.
An analytical sample was obtained by recrystallization from hexane-methylene chloride
as a light yellow solid, mp 97.5-98.5 oC.
IR (CHC13):
1H NMR (300 MHz, CDC13 ):
13C NMR (75 MHz, CDC13):
Elemental Analysis:
3010, 2920, 1674, 1492, 1452, 1410, 1282, and
1200 cm-1
7.70 (s, 1H), 7.24-7.35 (m, 7H), 4.80 (s, 2H), 4.22
(s, 2H), and 2.45 (s, 3H)
168.6, 138.4, 138.0, 137.1, 132.7, 132.3, 128.7,
128.1, 127.6, 124.0, 122.4, 49.2, 46.3, and 21.3
Calcd for C 16H 15NO: C, 80.98; H, 6.37;
N, 5.90
Found: C, 80.77; H, 6.52;
N, 5.77
299
Hdd 0 2 E P 9 L 8 6
I , l l l l l l l l l l l l l I l l l l l l ll I l l l l l l I , ll l l l I I 1 1 I I I I I I I I I II I I I l
0
0 211 O 274
5-Methylphthalide (274).
A threaded Pyrex tube (ca. 50 mL capacity) with a side arm equipped with an
argon inlet adapter was charged with enyne 211 (0.210 g, 1.42 mmol), 2,6-di-tert-butyl-4-
methylphenol (0.937 g, 4.25 mmol), and 28 mL of toluene. The solution was degassed
by four freeze-pump-thaw cycles, and then sealed under argon with a threaded Teflon
cap. The reaction mixture was heated in a 150 OC oil bath for 8 h and then allowed to
cool to 25 oC. The resulting mixture was concentrated to afford 1.21 g of an oily yellow
solid. Column chromatography on 100 g of silica gel (elution with 25% ethyl acetate-
hexane) provided 0.193 g (92%) of the known phthalide 274208 as a light yellow solid.
An analytical sample was obtained by recrystallization from hexane-methylene chloride
as a white solid, mp 120-121 OC [lit.206 119-120 oC].
IR (CHC13 ):
1H NMR (300 MHz, CDC13 ):
13C NMR (75 MHz, CDC13):
Elemental Analysis:
3020, 1760, 1615, 1450, 1350, 1275, 1220, 1115,
1040, and 1005 cm -1
7.79 (d, J = 7.9 Hz, 1H), 7.34 (d, J = 8.4 Hz, 1H),
7.30 (s, 1H), 5.27 (s, 2H), and 2.50 (s, 3H)
171.1, 147.0, 145.2, 130.1, 125.2, 122.9, 122.3,
69.3, and 21.9
Calcd for C9H802: C, 72.96; H, 5.44
Found: C, 72.78; H, 5.29
208(a) Padwa, A.; Bullock, W. H.; Norman, B. H.; Perumattam, J. J. Org. Chem. 1991, 56, 4252. (b)
Noguchi, M.; Kakimoto, S.; Kawakami, H.; Kajigaeshi, S. Heterocycles 1985, 23, 1085.
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5,6-Dimethylphthalide (275).
A threaded Pyrex tube (ca. 50 mL capacity) with a side arm equipped with an
argon inlet adapter was charged with enyne 215 (0.166 g, 1.02 mmol), 2,6-di-tert-butyl-4-
methylphenol (0.677 g, 3.07 mmol), and 20.4 mL of toluene. The solution was degassed
by four freeze-pump-thaw cycles, and then sealed under argon with a threaded Teflon
cap. The reaction mixture was heated in a 150 oC oil bath for 21 h and then allowed to
cool to 25 OC. The resulting mixture was concentrated to afford 0.900 g of an oily brown
solid. Column chromatography on 40 g of silica gel (elution with 20% ethyl acetate-
hexane) provided 0.129 g (78%) of phthalide 275 as a yellow solid. An analytical sample
was obtained by recrystallization from hexane-methylene chloride as a white solid, mp
121-123 oC.
IR (CHC13 ):
1H NMR (300 MHz, CDC13):
13C NMR (75 MHz, CDC13):
Elemental Analysis:
3020, 2950, 2880, 1760, 1625, 1595, 1485, 1455,
1385, 1355, 1305, 1265, 1165, 1110, 1025, 1005,
985, 905, and 870 cm-1
7.64 (s, 1H), 7.25 (s, 1H), 5.23 (s, 2H), 2.39 (s, 3H),
and 2.35 (s, 3H)
171.4, 144.7, 144.2, 138.1, 125.9, 123.5, 122.7,
69.3, 20.7, and 19.9
Calcd for C 10H 1002: C, 74.06; H, 6.21
Found: C, 73.70; H, 5.92
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2-Benzyl-3,4,7,8-tetrahydro-6-methyl-1(2H)-isoquinolinone (276)
N-Benzyl-N-(5-methyl-4-hexen-3-one)acrylamide (292)
A 50-mL, round-bottomed flask equipped with a reflux condenser fitted with an
argon inlet adapter was charged with enyne 226 (0.190 g, 0.749 mmol) and 30 mL of
dichloroethane. The resulting mixture was degassed by bubbling argon in it for 5 min,
and then methanesulfonic acid (0.12 mL, 0.178 g, 1.85 mmol) was added rapidly
dropwise via syringe. The reaction mixture was placed in a 70 OC oil bath and heated at
65-70 OC for 18.5 h. After cooling to 25 "C, the resulting orange mixture was diluted
with 20 mL of saturated NaHCO 3 solution and 20 mL of methylene chloride, and the
aqueous layer was separated and extracted with four 15-mL portions of methylene
chloride. The combined organic phases were washed with 40 mL of saturated NaCl
solution, dried over Na2SO4, filtered, and concentrated to afford 0.290 g of a yellow-
orange oil. Column chromatography on 20 g of silica gel (elution with 20% ethyl
acetate-hexane) provided 0.044 g (23%) of tetrahydroisoquinolinone 276 as a light
yellow oil and 0.032 g (16%) of enone 292 as a light yellow oil.
Spectral data for 276:
IR (CHC13): 2950, 2920, 1600, 1475, 1430, and 1340 cm-1
1H NMR (300 MHz, CDC13): 7.23-7.34 (m, 5H), 5.62 (d, J = 1.3 Hz, 1H), 4.64 (s,
2H), 3.29 (t, J = 7.2 Hz, 2H), 2.54 (app t, J = 9.6
Hz, 2H), 2.25-2.31 (m, 2H), 2.19 (app t, J= 9.6 Hz,
2H), and 1.87 (s, 3H)
13C NMR (75 MHz, CDC13): 166.1, 143.7, 140.6, 138.0, 128.4, 127.9, 127.1,
121.5, 121.0, 49.9, 44.3, 29.0, 27.3, 23.4, and 20.8
HRMS: Calcd for C 17H 19NO: 253.1467
Found: 253.1463
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Spectral data for 292:
IR (CHC13):
1H NMR (300 MHz, CDC13):
13 C NMR (75 MHz, CDC13):
HRMS:
2980, 1605, 1430, 1365, 1215, 1110, and 965 cm- 1
7.17-7.37 (m, 5H), 6.35-6.72 (m, 2H), 6.05 (s, 1H,
one rotamer), 5.95 (s, 1H, one rotamer), 5.73-5.77
(m, 1H, one rotamer), 5.63-5.67 (m, 1H, one
rotamer), 4.69 (s, 2H, one rotamer), 4.66 (s, 2H, one
rotamer), 3.61-3.69 (m, 2H), 2.81 (app t, J = 6.5 Hz,
2H, one rotamer), 2.62 (app t, J = 7.0 Hz, 2H, one
rotamer), 2.12 (s, 3H), and 1.87 (s, 3H)
199.1, 197.6, 166.9, 166.4, 157.2, 155.8, 137.5,
137.1, 128.8, 128.7, 128.6, 128.4, 128.1, 127.7,
127.5, 127.4, 127.3, 126.4, 123.6, 123.3, 52.3, 49.2,
43.2, 42.8, 42.3, 27.7, 20.9, and 20.8
Calcd for C 17H2 1NO2:
Found:
251.1572
251.1572
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(±)-3,4,7,8,-Tetrahydro-6-methyl-2-(1-phenylethyl)-1(2H)-isoquinolinone (277).
A 100-mL, three-necked, round-bottomed flask equipped with a reflux condenser
fitted with an argon inlet adapter, a glass stopper, and a rubber septum was charged with
enyne 225 (0.218 g, 0.815 mmol) and 33 mL of dichloroethane. The resulting mixture
was degassed by bubbling argon in it for 5 min, and then methanesulfonic acid (0.13 mL,
0.193 g, 2.00 mmol) was added rapidly dropwise via syringe. The reaction mixture was
placed in a 70 OC oil bath and heated at 65-70 TC for 6 h. After cooling to 25 OC, the
resulting mixture was diluted with 20 mL of saturated NaHCO3 solution and 20 mL of
methylene chloride, and the aqueous layer was separated and extracted with two 15-mL
portions of methylene chloride. The combined organic phases were washed with 40 mL
of saturated NaCl solution, dried over Na2SO4, filtered, and concentrated to afford 0.244
g of a yellow-orange oil. Column chromatography on 24 g of silica gel (elution with 20%
ethyl acetate-hexane) provided 0.083 g (38%) of tetrahydroisoquinolinone 277 as a
slightly yellow oil.
IR (CHC13):
1H NMR (300 MHz, CDC13):
13 C NMR (75 MHz, CDC13):
HRMS:
2970, 2930, 1595, 1430, and 1300 cm -1
7.22-7.37 (m, 5H), 6.06 (q, J = 7.1 Hz, 1H), 5.60 (d,
J = 1.3 Hz, 1H), 3.16-3.25 (m, 1H), 2.92 (app
quintet, J = 6.2 Hz, 1H), 2.55 (app t, J = 9.4 Hz,
2H), 2.14-2.23 (m, 4H), 1.88 (s, 3H), and 1.51 (d, J
= 7.2 Hz, 3H)
165.7, 143.5, 141.4, 140.3, 128.2, 127.2, 127.0,
121.5, 121.3, 49.5, 39.1, 28.9, 27.5, 23.4, 20.9, and
15.8
Calcd for C 18H2 1NO: 267.1623
Found: 267.1625
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1,9-bis(Methoxycarbonyl)-3-methylcarbazole (297).
A threaded Pyrex tube (ca. 50 mL capacity) with a side arm equipped with an
argon inlet adapter was charged with ynamine 247 (0.333 g, 1.12 mmol), 2,6-di-tert-
butyl-4-methylphenol (0.740 g, 3.36 mmol), and 23 mL of toluene. The solution was
degassed by four freeze-pump-thaw cycles, and then sealed under argon with a threaded
Teflon cap. The reaction mixture was heated in a 120 oC oil bath for 2 h and then
allowed to cool to 25 OC. The resulting mixture was concentrated to afford 1.17 g of an
orange oil. Column chromatography on 80 g of silica gel (elution with 20% ethyl
acetate-hexane) provided 0.178 g of a mixture of carbazole 297 and impurities as a
golden yellow-orange oil. The mixture was used in the next step without further
purification.
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1-(Methoxycarbonyl)-3-methylcarbazole (295).
A 25-mL, round-bottomed flask equipped with a rubber septum and argon inlet
needle was charged with the mixture of carbazole 297 and impurities (0.177g) and 3.0
mL of THF. A sodium methoxide solution (1.98 M in methanol, 0.91 mL, 1.80 mmol)
was then added dropwise via syringe over 2 min and the resulting brown mixture was
stirred at 25 OC for 35 min. The brown mixture was diluted with 3 mL of Et20 and 5 mL
of water, and then the aqueous layer was separated and extracted with two 6-mL portions
of Et 20. The combined organic phases were washed with 15 mL of saturated NaCl
solution, dried over Na2SO4, filtered, and concentrated to afford 0.154 g of a light pink
solid. Column chromatography on 16 g of silica gel (elution with 10% ethyl acetate-
hexane) provided 0.087 g (33%) of carbazole 295 as an off-white solid, mp 152-153 OC.
An analytical sample was obtained by recrystallization from hexane-methylene chloride
as a white solid, mp 153.5-155 OC.
IR (CHC13):
1H NMR (300 MHz, CDC13):
13C NMR (75 MHz, CDC13):
Elemental Analysis:
3450, 3000, 2950, 1685, 1590, 1485, 1435, 1330,
1310, 1280, 1250, 1070, 990, and 870 cm- 1
9.73 (br s, 1H), 8.04 (s, 1H), 8.03 (d, J = 7.9 Hz,
1H), 7.88 (d, J = 1.8 Hz, 1H), 7.40-7.48 (m, 2H),
7.23 (app td, J = 7.9, 2.3 Hz, 1H), 4.00 (s, 3H), and
2.53 (s, 3H)
167.8, 139.8, 138.3, 128.1, 127.8, 126.3, 125.7,
124.7, 122.2, 120.2, 119.6, 111.1, 110.9, 51.8, and
21.1
Calcd for C 15H 13NO2: C, 75.30; H, 5.48;
N, 5.85
Found: C, 75.05; H, 5.48;
N, 5.79
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9-(tert-Butoxycarbonyl)-1-(methoxycarbonyl)-3-methylcarbazole (296).
A threaded Pyrex tube (ca. 50 mL capacity) with a side arm equipped with an
argon inlet adapter was charged with ynamine 249 (0.355 g, 1.05 mmol), 2,6-di-tert-
butyl-4-methylphenol (0.692 g, 3.14 mmol), and 21 mL of toluene. The solution was
degassed by four freeze-pump-thaw cycles, and then sealed under argon with a threaded
Teflon cap. The reaction mixture was heated in a 120 OC oil bath for 2 h and then
allowed to cool to 25 OC. The resulting mixture was concentrated to afford 1.13 g of a
golden yellow- orange oil. Column chromatography on 100 g of silica gel (elution with
10% ethyl acetate-hexane) provided 0.182 g of a mixture of carbazole 296 and impurities
as an oily bright yellow solid. Further purification by column chromatography on 20 g of
silica gel (elution with methylene chloride) provided 0.155 g of a mixture of carbazole
296 and impurities as a light yellow solid. Recrystallization from hexane afforded 0.116
g (33%) of carbazole 296 as a white solid, mp 131.5-133 OC.
IR (CHC13):
1H NMR (300 MHz, CDC13):
13C NMR (75 MHz, CDCl3):
3010, 2980, 2930, 1725, 1480, 1435, 1350, 1320,
1305, 1245, 1150, 1120, and 1075 cm-1
8.07 (br d, J = 8.3 Hz, 1H), 7.94 (br d, J = 7.7 Hz,
1H), 7.88 (s, 1H), 7.61 (s, 1H), 7.46 (app t, J = 7.7
Hz, 1H), 7.35 (t, J = 7.4 Hz, 1H), 3.92 (s, 3H), 2.52
(s, 3H), and 1.69 (s, 9H)
168.5, 151.2, 139.7, 134.2, 132.7, 128.8, 127.7,
127.3, 125.3, 123.1, 122.7, 121.5, 119.7, 115.7,
84.2, 52.1, 28.1, and 21.0
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Elemental Analysis: Calcd for C20H2 1NO4:
Found:
C, 70.78; H, 6.24;
N, 4.13
C, 70.38; H, 6.27;
N, 4.01
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Chlorine Incorporation Experiment.
A threaded Pyrex tube (ca. 30 mL capacity) equipped with rubber septum and a
nitrogen inlet needle was charged with enyne 207 (0.202g, 0.850 mmol) and 12 mL of
carbon tetrachloride. The solution was degassed by four freeze-pump-thaw cycles, and
then the tube was sealed with a threaded Teflon cap. The reaction mixture was immersed
in a 120 OC oil bath for 6 h and then allowed to cool to room temperature. Concentration
of the liquid gave 0.315 g of a dark brown oil. Column chromatography on 21 g of silica
gel (elution with 30% ethyl acetate-hexane) provided 0.130 (62% overall yield) of a
82:18 mixture (1H NMR analysis) of 2-benzyl-5-methyl-l-isoindolinone (206) and 2-
benzyl-4-chloro-5-methyl-1-isoindolinone (351) as a brown solid.
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Demethylation Experiments.
A threaded Pyrex tube (ca. 30 mL capacity) with a side arm equipped with an
argon inlet adapter was charged with enyne 215 (0.031 g, 0.191 mmol), 2,6-di-tert-butyl-
4-methylphenol (0.126 g, 0.573 mmol), and 3.8 mL of toluene. The solution was
degassed by four freeze-pump-thaw cycles, and then sealed under argon with a threaded
Teflon cap. The reaction mixture was heated in a 180 OC oil bath for 6 h and then
allowed to cool to 25 OC. The resulting mixture was concentrated to afford 0.170 g of a
brown oil. Column chromatography on 8 g of silica gel (elution with 20% ethyl acetate-
hexane) provided 0.024 g (77%) of a 86:14 mixture (1H NMR analysis) of 5,6-
dimethylphthalide (275) and 5-methylphthalide (274) as a yellow solid.
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Flash Vacuum Pyrolysis Experiment.
A 50-mL Schlenk flask was charged with enyne 222 (0.098 g, 0.390 mmol) and
10 mL of benzene, and then the solution was degassed by blowing nitrogen in it for 15
min. Next, the flask was placed in a liquid nitrogen bath until frozen, and then the flask
was placed on the end of the flash vacuum pyrolysis 20 9 apparatus (oven temperature: 600
OC) and the system was evacuated (0.1 mmHg). The exit arm of the FVP apparatus was
heated at 310-330 'C with heating tape and it was connected to a Schlenk trap cooled
with liquid nitrogen. The frozen solution was then heated with a Kugelrohr heater at 230-
240 oC for 21 min at 0.1 mmHg, and then the apparatus was vented to air and warmed to
25 OC. Concentration of the solution collected in the trap afforded 0.090 g of a brown oil
containing a 52:32:16 mixture (1H NMR analysis) of lactam 358, 2-benzyl-3,4-dihydro-
6-methyl-1(2H)-isoquinolinone (268), and 2-benzyl-3,4-dihydro-5-methyl-1(2H)-
isoquinolinone (359). Concentration of the oil remaining in the Schlenk flask afforded
4.4 mg of a brown oil containing enyne 222 (TLC analysis). Column chromatography on
10 g of silica gel (elution with 15% ethyl acetate-hexane) afforded 0.019 g (20%) of
lactam 358 as a yellow oil and 0.021 g (-21%, approximately 85% pure by 1H NMR
209For reviews on flash vacuum pyrolysis, see: (a) Brown, R. V. C., Pyrolytic Methods in Organic
Chemistry, Academic Press, New York, 1980. (b) McNab, H. Contemp. Org. Syn. 1996, 3, 373. (c)
Wiersum, U. E. Aldrichimica Acta 1984, 17, 31.
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analysis) of a 67:33 mixture of 2-benzyl-3,4-dihydro-6-methyl-1(2H)-isoquinolinone
(268) and 2-benzyl-3,4-dihydro-5-methyl- 1 (2H)-isoquinolinone (359).
Spectral data for lactam 358:
IR (CHC13):
1H NMR (300 MHz, CDC13):
13C NMR (75 MHz, CDC13):
2990, 2906, 2206, 1636, 1476, 1440, 1360, 1340,
1220, 990, and 920 cm-1
7.24-7.35 (m, 5H), 6.84 (dd, J = 17.7, 11.8 Hz, 1H),
6.32 (dd, J = 17.7, 2.1 Hz, 1H), 5.44 (dd, J = 11.8,
2.1 Hz, 1H), 4.65 (s, 2H), 3.28 (t, J = 6.8 Hz, 2H),
2.44 (t, J = 6.8 Hz, 2H), and 2.09 (s, 3H)
164.0, 137.5, 133.2, 131.0, 128.6, 128.4, 128.0,
127.4, 120.2, 100.3, 78.4, 50.0, 43.7, 30.1, and 5.0
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General Procedure for the Lithium Perchlorate-Promoted Cycloadditions.
4a,7-Dihydro-6-methyl-1-tetralone (375).
A 10-mL, two-necked, round-bottomed flask equipped with an argon inlet adapter
and rubber septum was charged with diene 258 (0.24 g, 0.145 mmol), 2.9 mL of diethyl
ether, and lithium perchlorate (1.56 g, 14.6 mmol). The resulting heterogeneous mixture
was stirred at 25 OC, whereupon after 1 h the lithium perchlorate dissolved completely.
After stirring for a total of 22 h at 25 OC, the resulting mixture was diluted with 6 mL of
water and 3 mL of diethyl ether. The aqueous layer was separated and extracted with 6
mL of diethyl ether, and the combined organic phases were washed with 10 mL of
saturated NaHCO 3 solution and 10 mL of saturated NaCl solution, dried over Na2SO4,
filtered, and concentrated to afford 0.021 g (ca. 88%) of 375 as a light yellow oil.
1H NMR (300 MHz, CDC13):210  6.59 (dd, J = 6.2, 3.6 Hz, 1H), 5.35 (d, J = 1.0 Hz,
1H), 2.92-3.00 (m, 1H), 2.74 (app dd, J = 9.0, 3.3
Hz, 2H), 2.58 (app dquintet, J = 17.1, 2.4 Hz, 1H),
2.31 (ddd, J = 17.1, 12.7, and 6.4 Hz, 1H), 1.97-
2.07 (m, 2H), 1.76-1.95 (m, 1H), 1.70 (s, 3H), and
1.46 (app qd, J = 12.6, 3.8 Hz, lH)
13C NMR (75 MHz, CDC13): 211  201.7, 138.5, 130.9, 129.9, 123.3, 40.2, 38.2, 32.0,
31.8, 23.2, and 22.7
210The data is from the crude 1H NMR spectrum of cycloadduct 375 which is approximately 90% pure.
211 Prolonged storage of 375 produced some of the aromatized product. Hence, the aromatized product
peaks have been subtracted out of the reported 13C NMR spectral data.
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N-Benzyl-N-(5-methyl-4-hexen-3-one)-4-methoxybut-2-ynamide (374).
A 25-mL, two-necked, round-bottomed flask equipped with an argon inlet adapter
and rubber septum was charged with enyne 221 (0.102 g, 0.344 mmol) and 14 mL of
dichloroethane, and the solution was cooled at 0 OC with an ice-water bath.
Methanesulfonic acid (0.056 mL, 0.083 g, 0.863 mmol) was added rapidly dropwise via
syringe, and the resulting mixture was stirred at 0 OC for 1.5 h, and then warmed to 25 OC
and stirred for 49 h. More methanesulfonic acid (0.052 mL, 0.077 g, 0.801 mmol) was
added to help promote the reaction, and the mixture was stirred for an additional 19.5 h.
The resulting yellow mixture was diluted with 10 mL of saturated NaHCO3 solution and
5 mL of methylene chloride. The aqueous layer was separated and extracted with 15 mL
of methylene chloride, and the combined organic phases were washed with 25 mL of
saturated NaCl solution, dried over Na2SO4, filtered, and concentrated to afford 0.106 g
of an orange oil. Column chromatography on 11 g of silica gel (elution with 30% ethyl
acetate-hexane) provided 0.078 g (72%) of enone 374 as a yellow oil.
IR (CHCl3):
1H NMR (300 MHz, CDC13):
13C NMR (75 MHz, CDC13):
2920, 2225, 1675, 1610, 1430, 1362, 1300, 1220,
1100, 1000, 960, and 900 cm -1
7.25-7.37 (m, 5H), 6.00 (m, 1H), 4.85 (s, 2H, major
rotamer), 4.62 (s, 2H, minor rotamer), 4.27 (s, 2H,
minor rotamer), 4.24 (s, 2H, major rotamer), 3.79 (t,
J = 7.3 Hz, 2H, minor rotamer), 3.55 (t, J = 6.6 Hz,
2H, major rotamer), 3.40 (s, 3H, minor isomer),
3.33 (s, 3H, major rotamer), 2.67-2.73 (m, 2H), and
2.13 (s, 3H)
198.5, 197.5, 157.0, 156.1, 154.0, 136.5, 136.4,
128.8, 128.7, 128.1, 127.9, 127.7, 127.5, 123.4,
123.2, 87.7, 86.9, 79.3, 79.1, 59.7, 59.6, 58.0, 57.9,
53.6, 48.0, 43.6, 43.1, 41.6, 40.4, 27.7, 27.6, 20.9,
and 20.8
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